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During winemaking, a number of biochemical changes occur as a result of the metabolic 
activity of wine lactic acid bacteria (LAB) associated with malolactic fermentation (MLF). The 
latter process, which occurs mostly after alcoholic fermentation by wine yeasts, involves the 
conversion of L-malate to L-lactate and CO2, thus resulting to wine acidity reduction, 
microbiological stabilization and alterations of wine organoleptic quality. 
 Although Oenococcus oeni is predominantly the most preferred species suitable for 
carrying out MLF in wine owing to its desirable oenological properties, Lactobacillus plantarum 
has also been considered as a potential candidate for MLF induction. Other species in the 
genera of Lactobacillus and Pediococcus are often associated with wine spoilage. These 
microorganisms induce wine spoilage by producing off-flavours derived from their metabolic 
activity. It is therefore of paramount importance to understand the mechanism by which wine 
microbiota cause spoilage. 
 The purpose of this study was to investigate the presence of genes encoding enzymes of 
oenological relevance in wine-associated LAB strains. In order to achieve this, different sets of 
specific primers were designed and employed for a wide-scale genetic screening of wine LAB 
isolates for the presence of genes encoding enzymes involved in various metabolic pathways, 
such as citrate metabolism, amino acid metabolism, hydrolysis of glycosides, degradation of 
phenolic acids as well as proteolysis and peptidolysis. PCR detection results showed that the 
majority of the tested strains possessed most of the genes tested for. It was also noted that, 
among the O. oeni strains tested for the presence of the pad gene encoding a phenolic acid 
decarboxylase, only two strains possessed this gene. None of the O. oeni strains has 
previously been shown to possess the pad gene, and this study was the first to report on the 
presence of this gene in O. oeni strains. In an attempt to genetically characterize this putative 
gene, DNA fragments from the two positive O. oeni strains were sequenced. The newly 
determined sequences were compared to other closely related species. Surprisingly, no match 
was found when these sequences were compared to the published genomes of three O. oeni 
strains (PSU-1, ATCC BAA-1163 and AWRI B429). This reinforced a speculation that the pad 
gene in these two strains might have been acquired via the horizontal gene transfer. In 
addition, it remains to be further determined if the presence of this gene translates to volatile 
phenol production in wine. 
 In this study, a novel strain isolated from South African grape and wine samples was also 
identified and characterized. The identification of this strain was performed through the 16S 
rDNA sequence analysis, which indicated that this strain belongs to Lactobacillus florum 
(99.9% sequence identity). A novel PCR assay using a species-specific primer for the rapid 
detection and identification of Lb. florum strains was also established. For further 
characterization, this strain was also investigated for the presence of genes encoding 
enzymes of oenological relevance. PCR detection results indicated that the Lb. florum strain 
also possess some of the genes tested for. 
 In addition to genetic screening of wine LAB isolates for the presence of different genes, 
this study was also aimed at evaluating the regulation of the mleA gene encoding malate 
decarboxylase in three oenological strains of O. oeni. The regulation of this gene was tested in 
a synthetic wine medium under various conditions of pH and ethanol. From the expression 
analysis, it was observed that the mleA gene expression was negatively affected by high 
ethanol content in the medium. On the other hand, low pH of the medium seemed to favour 
  
the expression of this gene as the mleA gene expression was more pronounced at pH 3.2 than 
at pH 3.8. 
 The findings from this study have shed more light on the distribution of a wide array of 
enzyme-encoding genes in LAB strains associated with winemaking. However, it remains 
unknown if the enzymes encoded by these genes are functional under oenological conditions, 
given that wine is such a hostile environment encompassing a multitude of unfavourable 
conditions for the enzymes to work on. Evaluating the expression of these genes will also help 




Gedurende wynmaak, sal 'n aantal biochemiese veranderinge plaasvind as gevolg van die 
metaboliese aktiwiteit van wyn melksuurbakterieë (MSB) wat betrokke is by appelmelksuurgisting 
(AMG). Die laasgenoemde proses, wat meestal na alkoholiese fermentasie deur wyngiste 
plaasvind, behels die omskepping van L-malaat na L-laktaat en CO2, om sodoende die wyn se suur 
te verminder, mikrobiologiese stabiliteit en verandering van wyn organoleptiese kwaliteit. 
 Alhoewel Oenococcus oeni hoofsaaklik die mees gewenste spesies is wat geskik is vir die 
uitvoering van AMG in wyn weens sy geskikte wynkundige eienskappe, Lactobacillus plantarum 
word ook beskou as 'n potensiële kandidaat vir AMG induksie. Ander spesies in die genera 
Lactobacillus en Pediococcus word dikwels geassosieer met wynbederf. Hierdie mikro-organismes 
veroorsaak wynbederf deur die produksie van wangeure as gevolg van hul metaboliese aktiwiteite. 
Dit is dus van kardinale belang dat die meganisme van die wynbederf verstaan word.  
 Die doel van hierdie studie was om die teenwoordigheid van koderend ensieme gene van 
wynkundige belang in wynverwante MSB stamme te ondersoek. Ten einde dit te bereik, was 
verskillende stelle van spesifieke peilers ontwerp en toegepas vir 'n groot skaal se genetiese 
toetsing van wyn MSB isolate vir die teenwoordigheid van ensiemkoderende gene betrokke by 
verskeie metaboliese paaie, soos sitraat metabolisme, aminosuur metabolisme, hidrolise van 
glikosiede, agteruitgang van fenoliese sure sowel as proteolise en peptidolise. PKR opsporings 
resultate het getoon dat die meerderheid van die stamme getoets, die meeste van die gene 
getoets voor besit. Dit is ook opgemerk dat, onder die O. oeni stamme getoets vir die 
teenwoordigheid van die pad geen, slegs twee stamme hierdie geen besit. Geen O. oeni stamme 
het voorheen gewys dat hul die pad geen besit, en hierdie studie was die eerste bewys oor die 
teenwoordigheid van hierdie geen in O. oeni stamme. In 'n poging om die geen geneties te 
karakteriseer, is DNA-fragmente van die twee positiewe O. oeni stamme se sekwens volgorde 
bepaal. Die DNA volgorde is vergelyk met ander nouverwante spesies. Verrassend, was geen 
passende DNA volgorde gevind met die gepubliseerde genome van drie O. oeni stamme (PSU-1, 
ATCC BAA-1163 en AWRI B429) nie. Dit versterk die spekulasie dat die pad geen in hierdie twee 
stamme via die horisontale geen-oordrag verkry is. Verder moet dit nog bepaal word of die 
teenwoordigheid van hierdie geen lei na vlugtige fenol produksie in wyn. 
 In hierdie studie, is ongeïdentifiseerde stam geïsoleerd van Suid-Afrikaanse druiwe en wyn 
monsters ook geïdentifiseer en karakteriseer. Die identifisering van hierdie stam is uitgevoer deur 
middel van die 16S rDNA volgorde analise, wat aangedui het dat hierdie stam behoort aan 
Lactobacillus florum (99.9% volgorde identiteit). PKR toetse met behulp van die spesie-spesifieke 
peiler vir die vinnige opsporing en identifikasie van Lb. florum stamme is ook ontwikkel. Vir verdere 
karakterisering, was hierdie stam ook ondersoek vir die teenwoordigheid van koderende ensiem 
gene van wynkundige belang. PKR opsporings resultate het aangedui dat die Lb. florum stam ook 
oor 'n paar van die gene getoets voor besit. 
 Bykomend tot genetiese toetsing van wyn MSB isolate vir die teenwoordigheid van 
verskillende gene, het die studie ook die evaluering van die regulering van die mleA geen, 
kodering malaatdekarboksilase in drie wyn stamme van O. oeni. Die regulering van hierdie geen 
was getoets in die sintetiese wynmedium onder verskillende pH en etanol kondisies. Van die 
uitdrukkingsresultate, is daar waargeneem dat die mleA geenuitdrukking is negatief geraak deur 
hoë etanol-inhoud in die medium. Aan die ander kant, in die lae pH medium was die uitdrukking 
van hierdie geen bevoordeel by pH 3.2 as by pH 3.8. 
  
 Die bevindinge van hierdie studie het meer lig gewerp op die verspreiding van die wye 
verskeidenheid van ensiem-koderende gene in MSB stamme wat verband hou met wynmaak. Dit 
bly egter steeds onbekend of die ensieme gekodeer deur hierdie gene funksioneel is onder 
wynkondisies, gegewe dat wyn so 'n vyandige omgewing is menigte ongunstige toestande vir die 
werking van ensieme. Evaluering van die uitdrukking van hierdie gene sal ook help om meer 
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florum was designed. LAB strains: Lb. florum IWBT B322, Lb. florum F9-1T 
(AB498045), Lb. lindneri AWRI B530, Lb. lindneri DSM 20690 (X95421), Lb. 
homohiochii DSM 20571 (AM113780) and Lb. fructivorans (X76330). 
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Figure 7.3 Phylogenetic tree based on mleA, citE and pepN gene sequences of the 
representative strains of Lactobacillus florum (IWBT B303, IWBT B309, 
IWBT B313, IWBT B314, IWBT B322, IWBT B328, F17 and F9-1T), together 
with closely related species (accession numbers in parenthesis). The tree 
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was constructed using the neighbour-joining method, and the numbers at 
branching points are bootstrap values (expressed as percentages of 1000 
replicates). The horizontal scale bar represents the number of base 
substitutions per site. Refer to Figure 7.2 for abbreviations. 
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Figure 8.1 Phylogenetic tree showing relationships of various LAB strains tested in this 
study (indicated in bold) with closely related species (GenBank accession 
numbers in parentheses) based on partial pepC gene sequences. The tree 
was constructed by the neighbour-joining method with Kimura’s two-
parameter correction model. Bootstrap values >80% are shown at branching 
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1.1  INTRODUCTION 
During vinification, two fermentation processes take place. The primary or alcoholic 
fermentation is carried out by yeasts, typically Saccharomyces cerevisiae strains, in which 
grape sugars are converted to ethanol and CO2. Malolactic fermentation (MLF) occurs 
mostly after alcoholic fermentation and consists of the conversion of a dicarboxylic acid 
L-malate into a monocarboxylic acid L-lactate and CO2 by lactic acid bacteria (LAB) of the 
genera Lactobacillus and Oenococcus. This process is catalyzed by the malolactic 
enzyme in the presence of two co-factors: Mn2+ and NAD+ (Wibowo et al. 1985). 
 
Given that wine is such a hostile environment encompassing a variety of stressful 
conditions, very few species are able to survive in wine during MLF. Among the wine-
associated LAB species associated with spontaneous MLF, Oenococcus oeni remains 
predominantly the most suitable candidate well adapted to conduct MLF due to its 
tolerance to survive harsh oenological conditions of nutrient depletion, high ethanol, low 
pH, low temperatures and the presence of ethanol (Davis et al. 1988; Drici-Cachon et al. 
1996; Lerm et al. 2010). Lactobacillus plantarum has also been considered as a potential 
candidate to be used as the starter culture to induce MLF, particularly for wines with higher 
pH (Bou and Krieger 2004; Du Toit et al. 2010). The first culture of Lact. plantarum for MLF 
was released in 2010 by Lallemand (Toulouse, France). This bacterium has also been 
assessed in wine to conduct MLF in a co-culture with O. oeni (Lerm 2010). 
 
The reduction in wine acidity is not the only known effect of MLF. There are also other 
desirable attributes that this process imparts in wine. The conversion of L-malate to 
L-lactate confers increased microbial stability to wine due to the depletion of L-malate as 
the energy source for spoilage microorganisms. In addition, MLF influences desirable 
aroma and flavour formation in wine by modifying fruit-derived aromas and by producing 
aroma-active compounds (Bartowsky 2005). The possible pathways by which the 
malolactic bacteria modulate wine aroma were described recently by Swiegers et al. 
(2005). Amongst them, the most important metabolic pathways with potential to alter the 
wine organoleptic quality include citrate metabolism, amino acid metabolism, metabolism 
of polysaccharides, metabolism of polyols, catabolism of aldehydes, hydrolysis of 
glycosides, synthesis and hydrolysis of esters, proteolysis and peptidolysis, and the 
degradation of phenolic acids (Liu 2002; Matthews et al. 2004). 
 
In order for malolactic bacteria, more specifically O. oeni, to impart desirable sensory 
attributes in wine, they produce a variety of compounds arising from their metabolic 
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activity. Glycosides present in the grape are an important source of wine aroma. These 
compounds are chemically bound to sugar molecules; in this form, they are odourless and 
therefore do not contribute directly to the varietal aroma of wine. The presence of 
glycosidases has been shown to be the key in liberating aroma fractions from glycosylated 
precursor components (Sarry and Gunata 2004). This enzyme family breaks down the 
bond between the sugar component and the aglycones, thereby releasing aroma 
compounds. The presence of glycosidase activities in O. oeni and other wine LAB has 
been documented (D’Incecco et al. 2004; Grimaldi et al. 2000, 2005a, b; Ugliano and Moio 
2006), albeit these enzymes are prone to inhibition by winemaking parameters (Spano et 
al. 2005). 
 
Another important contributor to wine aroma is diacetyl, which confers a desirable “buttery” 
attribute to wine (Bartowsky and Henschke, 2004). This compound is an intermediate 
metabolite of citric acid metabolism in LAB (Ramos et al. 1995). However, the presence of 
diacetyl at excessive concentrations (i.e. those exceeding 4 mg/L) is undesirable as this 
compound may become a spoilage character (Martineau et al. 1995). There are a number 
of factors that influence diacetyl synthesis, and these include citrate concentration, 
malolactic bacterial strain used, sulphur dioxide content, fermentation temperature, oxygen 
exposure and duration of MLF (Bartowsky and Henschke 2004). 
 
Apart from flavour-active compounds conferring desirable traits in wine, winemakers are 
faced with the challenge of fighting off wine spoilage microbes which are responsible for 
the production of off-flavours in wine. Recently, Bartowsky (2009) listed some of the 
pathways by which the malolactic bacteria induce wine spoilage. Amongst the wine 
substrates metabolized by LAB, amino acids represent the most important source of 
nitrogen, carbon and sulphur for sulphur-containing amino acids (Swiegers et al. 2005). It 
has been demonstrated that O. oeni and wine-associated Lactobacillus species are able to 
catabolize methionine to produce diverse volatile sulphur compounds (VCSs) (Pripis-
Nicolau et al. 2004). Although the VSCs can impact positively to the bouquet of wine 
(Mestres et al. 2000; Landaud et al. 2008), certain other VSCs are classified as 
detrimental to wine organoleptic quality, depending on their concentration (Knoll et al. 
2011). 
 
In relation to the metabolism of arginine, one of the major amino acids present in grape 
juice and wine, some arginine-degrading wine LAB can catabolize this compound via the 
arginine deiminase pathway (Liu et al. 1996). The physiological importance of arginine 
metabolism relates to the formation of energy in the form of ATP, and this reaction is 
accompanied by an increase in pH due to ammonium production (Tonon and Lonvaud-
Funel 2000). However, the citrulline formed as an intermediate in the degradation of 
arginine by wine LAB can serve as the precursor for ethyl carbamate formation (Liu 2002). 
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In addition, arginine metabolism can also be linked to amine production. Ornithine, another 
intermediate in arginine catabolism, can result to the formation of putrescine. Together 
with other biologically active amines (histamine, tyramine), the latter compound is 
implicated in food poisoning incidents associated with the consumption of fermented foods 
including wine (Silla 1996; Smit et al. 2008). 
1.2  PROJECT AIMS 
The overriding goal of this project was to genetically test LAB isolates of South African 
wine origin for the presence of genes encoding enzymes of relevance in winemaking and 
to evaluate gene regulation under oenological conditions. 
 
The specific objectives were as follows: 
(a) Genetic screening of wine-related enzymes in Lactobacillus species isolated from 
South African wines. 
(b) A survey of genes encoding enzymes of oenological relevance in Oenococcus oeni 
strains of South African wine origin. 
(c) PCR detection of enzyme-encoding genes in Leuconostoc mesenteroides strains of 
wine origin. 
(d) Identification and characterization of Lactobacillus florum strains isolated from 
South African grape and wine samples. 
(e) Expression analysis of Oenococcus oeni malolactic enzyme gene under oenological 
conditions. 
(f) Molecular detection of Lactobacillus and Pediococcus genes related to peptide and 
amino acid utilization in wine. 
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2.1  MALOLACTIC FERMENTATION 
In winemaking, two fermentation processes occur. The primary (alcoholic) fermentation 
process, conducted mainly by Saccharomyces cerevisiae wine yeast, involves the 
conversion of grape sugars to form ethanol as the main product. Malolactic fermentation 
(MLF), which usually occurs after alcoholic fermentation, is carried out by the lactic acid 
bacteria (LAB) of the genera Lactobacillus and Oenococcus (Wibowo et al., 1985). This 
process is catalysed by the malolactic enzyme which decarboxylates L-malic acid into a 
monocarboxylic L-lactic acid and CO2 in the presence of Mn2+ and NAD+ as co-factors, 
thus bringing about the reduction in wine acidity (Kunkee, 1991). Besides wine 
deacidification as the well-known effect of MLF, this process also offers increased 
microbial stability and causes changes in the sensory properties of wine (Liu, 2002; 
Swiegers et al., 2005; Du Toit et al., 2010; Lerm et al., 2010). Changes in the chemical 
profile of wine are usually associated with the microbiological metabolism of precursor 
components present in wine during fermentation. The summary of biochemical changes 
that could occur in wine during MLF is depicted in Figure 2.1 below. 
 
Figure 2.1. An overall summary of the characterised biochemical changes occurring during malolactic 
fermentation and Oenococcus oeni metabolism (Bartowsky, 2005). 
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The recognition of the presence of bacteria in wine dates back to the mid-1800s when 
Louis Pasteur described wine bacteria as the spoilage microorganisms of wine (Pasteur, 
1866). It was only in the mid 1960s that Garvie (1967) isolated and named Leuconostoc 
oenos as the main bacterial species involved in MLF. However, this bacterium was later 
reclassified as Oenococcus oeni based on the 16S rRNA sequence analysis (Dicks et al., 
1995). Although there are also a number of other LAB species known to be associated 
with wine during MLF, O. oeni remains main preferred candidate to perform MLF due to its 
adaptation to tolerate harsh conditions prevalent in wine. Unlike the major spoilage 
microorganisms of lactobacilli and pediococci, O. oeni is also less likely to induce wine 
spoilage through the production of off-flavours (Lerm et al., 2010) apart from the possibility 
of forming acetate from the degradation of pentose sugars or citrate via the pentose 
phosphate pathway. Recently, Lactobacillus plantarum has again been considered as a 
commercial candidate for MLF particularly in wines with higher pH (Du Toit et al., 2010). 
 
2.2  THE ‘-OMICS’ TECHNOLOGY APPROACHES 
The completion of the Human Genome Sequencing Project ushered in a new era of 
systems biology known as ‘-omics’ technology. During the past few years, there has been 
a tremendous resurgence of ‘-omics’ technology platforms, including genomics, 
transcriptomics, proteomics and metabolomics (Fiehn, 2001; Lin & Qian, 2007; Tang et al., 
2009). These ‘-omics’ technologies, as shown in Figure 2.2, have been applied extensively 
in various areas of microbial research studies to characterise the complexity of biological 
systems. 
 
Unlike traditional methods, ‘-omics’ technologies are holistic, data-driven and high-
throughput, and they also employ a top-down approach. Another common feature of these 
high-throughput ‘-omics’ technologies is that they generate large amounts of data and the 
analysis of these data requires the development in the fields of computational biology and 
statistics (Zhang et al., 2010). Computational biology, or simply bioinformatics, is an 
integrative and evolving discipline which is used to predict computationally systems of 
higher complexity, such as the interaction networks in cellular processes and the 
phenotypes of whole organisms (Bayat, 2002). It has also become clear that any single 
‘-omics’ technology may be insufficient in characterising the complexity of biological 
systems (Gygi et al., 1999). The application of integrated multi‘-omics’ approaches may 
therefore be a key to decipher complex biological systems (Zhang et al., 2010). The 
sections that follow describe several ‘-omics’ approaches that have been used for LAB 
species associated with wine. 
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Figure 2.2. A diagram showing various ‘-omics’ technologies (i.e. genomics, transcriptomics, 
proteomics and metabolomics). Genomics deals with characterising the full complement of genes 
of an organism. Transcriptomics or genome-wide expression profiling is concerned with the global 
analysis of gene expression. Proteomics deals with examining the complete set of proteins in a 
cell. Metabolomics attempts to identify and characterise the metabolome (i.e. the collection of 
metabolites or all metabolic compounds present in the cell of an organism). Bioinformatics provides 




2.2.1  Genomics 
The term genome refers to the complete set of genes inside the cell of any particular 
organism. Historically, the origin of the word ‘genome’ is attributed to a German botanist 
Hans Winkler who coined this term in the 1920s by amalgamating ‘gene’ and the syllable 
‘-ome’ (Petsko, 2002). According to one etymological analysis, the suffix ‘ome’ is derived 
from the Sanskrit OM, which means “completeness and fullness” (Lederberg & McCray, 
2001). Genomics was later introduced by Victor McKusick and Frank Ruddle three 
decades ago as the title for the new journal they co-founded in 1987, which focused on 
linear gene mapping, DNA sequencing and comparison of genomes from different species 
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Generally, the genome is usually the starting point of any system-wide analysis, and any 
changes resulting from the primary genome sequence are reflected in the phenotype of a 
particular organism (Rossouw & Bauer, 2009). The advent of high-throughput sequencing 
technologies has now made it possible that more and more sequences of bacterial 
genomes are generated and placed in the currently established databases. To date, more 
than 20 complete LAB genomes have been sequenced, annotated and made publicly 
available (www.ncbi.nlm.nih.gov/genomes/lproks.cgi). Of these, eleven genome 
sequences are from LAB species associated with wine (Table 2.1). 
 
In the past, research on genetics of industrially important LAB was elucidated by using 
single-gene molecular approaches. Although these advances shed more light on the 
genetic variability between LAB strains and/or species, the availability of genome 
sequences of LAB species holds a greater potential to improve our current knowledge on 
the fermentative capabilities of LAB (Zhu et al., 2009). From the comparative analyses of 
bacterial genomes, it has been revealed that the genomes of bacterial strains of the same 
species are significantly divergent from one another (Bon et al., 2009; Borneman et al., 
2010). According to Tettelin et al. (2008), these analyses suggest that a bacteria species 
can be described by its pan-genome, which refers to a sum of a core genome (conserved 
genome) containing genes shared by all strains and the dispensable genome composed of 
genes present in some but not all strains as well as the genes that are unique to each 
strain (Tettelin et al., 2008). 
 
2.2.1.1  Genome features 
In 2002, the Lactic Acid Bacteria Genome Consortium partnered with the Joint Genome 
Institute (US Department of Energy) to undertake the complete genome sequencing of 
O. oeni PSU-1 (GenBank accession no. CP000411) using the Whole Genome Shotgun 
sequencing approach (Mills et al., 2005). This strain is currently employed commercially to 
carry out MLF in wines (Beelman et al., 1980), and it was originally isolated in 1972 from a 
spontaneous MLF in an experimental wine made in Penn State University (Beelman et al., 
1977). Another O. oeni strain ATCC BAA-1163 (accession no. AAUV00000000) also had 
its genome sequenced. This strain was isolated by Aline Lonvaud-Funel and co-workers 
(unpublished data) from Bordeaux wine. Very recently, an Australian strain of O. oeni 
(AWRI B429) was also chosen for full genome sequencing and deposited at 
DDBJ/EMBL/GenBank databases under the accession number ACSE00000000. Together 
with ATCC BAA-1163, the AWRI B429 strain was sequenced using the shotgun 
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sequencing approach. The general genome features of all the sequenced LAB species 
generally found in musts and wine are presented in Table 2.1. 
 
From the comparative analysis, the genomes of LAB are relatively smaller, with sizes 
ranging from 1,753 Kbp for O. oeni ATCC BAA-1163 (currently identified in draft) to 3,308 
Kbp for L. plantarum WCFS1. The genome of Lb. plantarum WCFS1 strain is the largest 
genome reported so far. It’s G+C content is 44.4%. The WCFS1 genome also encodes the 
complete pathways for amino acid biosynthesis, with the exception of branched-chain 
amino acids (Mayo et al., 2008). The genome of Lactobacillus casei BL23 is the second 
largest after WCFS1 and JDM1, with the size of 3,079 Kbp (Cai et al., 2009). On the other 
hand, the complete genome size of the three sequenced plasmid-free O. oeni strains 
(PSU-1, ATCC BAA-1163 and AWRI B429) ranges from 1,753 – 1,927 Kbp, with a G+C 
content of 37.9% (Mills et al., 2005; Klaenhammer et al., 2005; Borneman et al., 2010). 
This genome size is at the lower extreme of the range described for LAB, and this could 
reflect the huge requirement for growth factors as well as the specific adaptation to the 
ecologically restricted niche of fermenting grape juice and wine (Zé-zé et al., 1998, 2000; 
Mills et al., 2005). The number of protein-encoding genes also vary from 1,398 for O. oeni 
ATCC BAA-1163 to 3,015 for L. casei BL23, indicating substantial gene loss or gene gain 
events during evolution (Pfeiler & Klaenhammer, 2007; Zhu et al., 2009). For example, 
during the divergence of Lactobacillales from their ancestor in the bacilli, about 600–1,200 
genes were lost, including the genes encoding biosynthetic enzymes. Conversely, this 
divergence was marked by gene gains in the LAB, which reflected a shift towards a 
nutrient-rich lifestyle during specific niche adaptations (Pfeiler & Klaenhammer, 2007). It is 
also believed that some of the genes shaping the genomes are acquired as a result of 
horizontal gene transfer (Kleerebezem et al., 2003). 
 
Borneman et al. (2010) also applied an array-based comparative genome hybridization 
(aCGH) approach in order to investigate the genomic diversity across ten naturally isolated 
wine strains of O. oeni relative to PSU-1, a commercially available strain whose complete 
genome was sequenced previously (Mills et al., 2005). Among the strains tested, AWRI 
B429 was chosen for genome sequencing. Based on aCGH analysis, AWRI B429 
displayed large deletions spanning the PSU-1 genome and it possessed a high degree of 
overall heterogeneity throughout other areas of the genome (Borneman et al., 2010). 
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Table 2.1. General genome features of wine-associated lactic acid bacteria a 
 
General features LBREV b LCAS1 LCAS2 LPLJ LPLW LSAK LMES AWRI OE-BAA PSU-1 PPENT 
Sequencing status Finished Finished Finished Finished Finished Finished Finished Draft Draft Finished Finished 
Genome size (Kbp) 2,291 2,895 3,079 3,197 3,308 1,884 2,038 1,927 1,753 1,780 1,832 
G+C content (mol%) 46.2% 46.6% 46.3% 44% 44.5% 41.3% 37.7% 37.9% 37.9% 37.9% 37.4% 
% Coding 84% 82% 84% 83% 83% 86% 88% 88% 71% 82% 87% 
Genes 2,314 2,906 3,090 3,029 3,135 1,963 2,073 2,161 1,678 1,864 1,847 
Protein coding 2,185 2,748 3,015 2,948 3,007 1,879 1,970 2,161 1,398 c 1,691 1,755 
Structural RNAs 82 76 75 78 86 84 85 None 3 51 72 
Pseudogenes 49 82 None 3 42 None 19 None 277 122 20 
Contigs None None None None 11 None None 58 62 None None 
 
a Data were collected from the NCBI microbial genome database (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). 
 
b Abbreviations: LBREV, Lactobacillus brevis ATCC 367 (CP000416); LCAS1, Lactobacillus casei ATCC 334 (CP000423); LCAS2, 
Lactobacillus casei BL23 (FM177140); LPLJ, Lactobacillus plantarum JDM1 (CP001617); LPLW, Lactobacillus plantarum WCFS1 (AL935263); 
LSAK, Lactobacillus sakei 23K (CR936503); LMES, Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293 (CP000414); AWRI, 
Oenococcus oeni AWRI B429 (ACSE00000000); OE-BAA, Oenococcus oeni ATCC BAA-1163 (AAUV00000000); PSU-1, Oenococcus oeni 
PSU-1 (CP000411); PPENT, Pediococcus pentosaceus ATCC 25745 (CP000422). 
 
c The genome size of O. oeni ATCC BAA-1163 strain is probably underestimated because of the draft status of the genome. 
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Taken together, genomic sequencing and aCGH analysis were able to display significant 
genomic variation across O. oeni strains (Borneman et al., 2010). By aligning the complete 
genome of PSU-1 (CP000411) with the genomes of ATCC BAA-1163 (AAUV00000000) 
and AWRI B429 (ACSE00000000), the latter two strains displayed the highest degree of 
single nucleotide polymorphism divergence relative to PSU-1. In addition, the AWRI B429 
strain was predicted to encode approximately 400 open reading frames that were not 
present in the PSU-1 genome, and of these, two corresponded to two glycosyl 
hydrolyases specific to AWRI B429 (Borneman et al., 2010). 
 
In principle, the aCGH technique was first reported by Kallionemi et al. (1992), and has 
now become widely used as a key method for genome-wide analysis of DNA sequence 
copy number in a single experiment (Jares, 2006). This technique also offers a quick 
determination of genome plasticity and genome content of a bacterial strain whose 
genome sequence is unknown (Mayo et al., 2008), and is considered as an alternative to 
complete genome sequencing of closely related species or strains of the same species 
(Molenaar et al., 2005). 
 
2.2.1.2  Genetics of select metabolic pathways of LAB 
The genome of O. oeni has been shown to encode a variety of enzymes related to aroma 
and flavour modification in wine. The genetic locus involved in the MLF capacity (mle) has 
been identified in O. oeni and other LAB. Genes for the malolactic enzyme (mleA), malate 
permease (mleP) and regulatory protein (mleR) were previously cloned and sequenced 
(Labarre et al., 1996a, b). As shown in Figure 2.3, these genes are present in a cluster, 
with the mleA and mleP genes transcribed in the same operon, and a regulatory protein 
(mleR) transcribed in the opposite direction. The regulatory protein MleR belongs to the 
LysR-type regulatory protein family found upstream of the mleA gene (Schell, 1993). 
However, the role of the regulatory protein MleR remains unclear as Labarre et al. (1996a) 
could not detect the induction or repression of the malolactic enzyme by L-malate. 
According to Mills et al. (2005), the genetic structure of the mle locus is conserved across 
wine-related LAB species. An in silico analysis of L. plantarum WCFS1 and L. plantarum 
JDM1 genomes indicates that the two strains also possess the mle locus (mleR, mleS and 
mleP). In L. plantarum and Lactococcus lactis, the gene encoding the malate 
dehydrogenase is named mleS. 
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Figure 2.3. Genetic organisation of the mle locus of O. oeni. The mleA and mleP genes encoding, 
respectively, the malolactic enzyme and the malate permease are transcribed on the same operon. 
Upstream of the operon is another gene encoding an MleR-like protein; this gene is transcribed in 
the opposite direction. P, promoters of mleR and mle operon (Labarre et al., 1996a). 
 
 
The presence of genes related to citrate metabolism by wine-associated LAB has also 
been demonstrated. In O. oeni PSU-1 genome, the genes related to citrate utilisation were 
identified (Mills et al., 2005). These genes are organised in the citrate lyase gene cluster 
(citR, mae, maeP, citC, citD, citE, citF, citX, citG), as diagrammatically illustrated in Figure 
2.4. The maeP gene encodes a putative citrate transporter, the enzyme involved in the 
uptake of citrate from the medium. Once inside the cell, citrate is metabolised by a citrate 
lyase active complex comprising three subunits: -subunit (encoded by citD), -subunit 
(encoded by citE) and -subunit (encoded by citF). CitC catalyses the ATP-dependent 
acetylation of the phosphoribosyl dephospho-CoA group of citrate lyase (Drieder et al., 
2004). The function of the citG product is not yet known in LAB. In the upstream region of 
citCDEFG operon of O. oeni PSU-1 is also an open reading frame encoding an NAD-
dependent malic enzyme (mae) (Bekal-Si Ali et al., 1999). 
 
In addition, there are two other genes involved in diacetyl synthesis, which is linked to the 
downstream metabolism of citrate by citrate-utilising LAB. These genes, alsD and alsS, 
have been cloned in O. oeni (Garmyn et al., 1996). The alsD and alsS genes encode 
-acetolactate decarboxylase and -acetolactate synthase, respectively. According to 
Garmyn et al. (1996), the two genes are located on the same operon and are constitutively 
expressed. As shown in Figure 2.4, L. plantarum strain also possesses the citrate lyase 
gene cluster encoding enzymes involved in citrate metabolism.  
mleR mleA mleP
Regulatory protein Malolactic enzyme Malate permease
P P
?
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Figure 2.4. Genetic organisation of genes involved in citrate utilisation in various LAB: 
Oenococcus oeni PSU-1 (CP000411), Lactococcus lactis subsp. lactis biovar. diacetylactis 
(AY268077), Lactococcus lactis IL1403 (AE005176), Leuconostoc mesenteroides (Y10621), 
Weissella paramesenteroides (AJ132782) and Lactobacillus plantarum WCFS1 (AL935263) (Mills 
et al., 2005). 
 
 
Quite recently, Michlmayr et al. (2010) detected the presence of -glucosidase-related 
glycosidase gene in the genome of O. oeni ATCC BAA-1163. In addition, the genome 
sequence of the recently sequenced strain of O. oeni AWRI B429 was also found to 
possess two additional genes encoding glycosyl hydrolyases but not PSU-1 (Borneman et 
al., 2010). According to Sarry & Gunata (2004), the presence of these enzymes might play 
an important role in the release of desirable aroma components in wine. Previously, Spano 
et al. (2005) also isolated -glucosidase gene from O. oeni and L. plantarum strains. This 
gene was shown to be conserved across LAB species of three different genera (i.e. 
Lactobacillus, Oenococcus and Pediococcus). 
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In another study, De las Rivas et al. (2009) developed a PCR assay for the detection of 
LAB with potential to produce volatile phenols. The primers targeting a pdc gene encoding 
phenolic acid decarboxylase were tested against wine-associated LAB strains of six 
different species. From the PCR detection results, the strains belonging to L. plantarum, 
Lactobacillus brevis and Pediococcus pentosaceus possessed the pdc gene, while those 
of O. oeni, Lactobacillus hilgardii and Leuconostoc mesenteroides tested negative. De las 
Rivas et al. (2009) also found a correlation between the presence of the pdc gene and 
volatile phenol production, suggesting that the presence of pdc gene in wine-associated 
LAB strains can be used as the preliminary tool for identifying LAB strains with potential to 
produce volatile phenols. 
 
The presence of genes encoding enzymes involved in arginine metabolism has also been 
reported. Arginine can be metabolised by wine LAB via the arginine deiminase (ADI) 
pathway (Liu et al., 1996). The ADI pathway comprises three reactions catalysed by 
arginine deiminase (ADI, encoded by arcA), ornithine transcarbamylase (OTC, encoded by 
arcB) and carbamate kinase (CK, encoded by arcC). The genes coding for ADI pathway 
have been identified and characterized in different LAB (Tonon et al., 2001; Dong et al., 
2002; Araque et al., 2009). These genes are clustered in an operon-like structure: arcA, 
arcB and arcC (Tonon et al., 2001). A fourth gene encoding a membrane transport protein 
was also identified (Divol et al., 2003). Recently, an additional gene encoding a putative 
arginyl-tRNA synthetase (argS2) was identified in the ADI locus of O. oeni (Nehmé et al., 
2006). 
 
2.2.2  Transcriptomics 
Unlike genome sequencing and comparative genomic approaches that focus on DNA 
(Zhang et al., 2010), transcriptomics or global analysis of gene expression (also called 
genome-wide expression profiling) deals with understanding the regulation of genes under 
certain environmental conditions. Basically, transcriptomics is the study of the 
transcriptome, or the complete set of RNA transcripts (mRNA, rRNA, tRNA and other non-
coding RNA) produced by the genome at any particular time. The transcriptome can vary 
with external environmental conditions and reflects the genes that are being actively 
expressed at any given time, with the exception of mRNA degradation phenomena such 
as transcriptional attenuation (Ye et al., 2001; Horak & Snyder, 2002). 
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DNA microarrays (also known as DNA chips or gene chips) are an extremely powerful 
platform in transcriptomics that enable genome-wide analysis of mRNA transcript 
expression and regulation (Schena et al., 1998; Richmond et al., 1999). These arrays are 
constructed by hybridizing hundreds or thousands of single-stranded nucleic acid 
fragments to a second complementary single strand to generate a double-stranded DNA 
molecule (Jares, 2006). DNA microarray-based technology was first introduced by Schena 
et al. (1995) who quantitatively monitored gene expression patterns using Arabidopsis 
thaliana as a model organism. As such, the large-scale genome sequencing effort has 
now made it possible to apply DNA microarrays on which all the genes of an organism are 
represented, enabling simultaneous assessment of the expression of all these genes 
(Ramsay, 1998). 
 
Microarray-based technology has been successfully used to examine whole-genome 
expression profiles of bacteria grown under various environmental conditions (Park et al., 
2005). By applying DNA microarrays, Molenaar et al. (2005) compared the genomic 
contents of 20 L. plantarum strains of various origins relative to L. plantarum WCFS1. An 
array-based genotyping analysis indicated that the gene categories with the most genes 
conserved in all strains were those involved in biosynthesis or degradation of structural 
compounds such as proteins, lipids and DNA. On the other hand, the genes involved in 
sugar transport and catabolism were highly variable between the strains, including regions 
encoding plantaricin biosynthesis, non-ribosomal peptide biosynthesis and 
exopolysaccharide biosynthesis. This study therefore showed that there is a high degree 
of genetic variability amongst L. plantarum strains relative to the WCFS1 strain (Molenaar 
et al., 2005).  
 
Recently, Nam et al. (2009) described a new array-based technological approach that 
uses environmental mRNAs (metatranscriptomes) in order to investigate microbial 
dynamics during kimchi fermentation. This approach involves cDNA synthesis via the 
selective extraction of metatranscriptomes or via the subtraction of 16S rRNAs and 23S 
rRNAs to accurately monitor microbial activity and assess real microbial diversity. From 
the metatranscriptomic analysis, this approach was able to reveal a more divergent 
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microbial population and more accurately portrayed these changes in microbial activity 
(Nam et al., 2009). 
 
In conjunction with DNA microarrays, transcription profiling results from high-throughput 
profiling analysis must usually be verified by quantitative PCR methods. In such cases, 
quantitative real-time PCR is a reliable method which can be used to provide a quantitative 
analysis of gene expression. Gene-specific primer design is a key step in obtaining reliable 
results from quantitative PCR study (Chen et al., 2005; De Vos et al., 2004). A couple of 
studies on targeted expression analysis of genes encoding enzymes of biotechnological 
relevance in O. oeni strains have been reported elsewhere. By applying reverse 
transcription real-time quantitative PCR (RT-qPCR), Augagneur et al. (2007) investigated 
the dual effect of organic acids (L-malic and citric acids) on the transcription of three genes 
(maeP, yaeP and mleP) encoding organic acid transporters in O. oeni; these genes were 
tested under various pH conditions, including low pH that is more relevant to winemaking. 
From the expression profile analysis, it was observed that there was a substantial increase 
in the abundance of mRNA encoding MleP protein derived from cells incubated with 
L-malic acid at various pH levels. In addition, the relative yaeP transcript level increased at 
higher pH and in the presence of citrate. On the other hand, the expression level of the 
maeP gene was not induced by citrate or pH. 
 
Recently, Olguín et al. (2009) investigated the expression of genes related to 
citrate/pyruvate metabolism by O. oeni under the effect of different wine stress factors, 
such as the presence of ethanol and low pH. The expression analysis of these genes was 
performed by means of RT-qPCR. Regarding citrate uptake and utilisation, the 
transcription results indicated that the citrate pathway genes were over-expressed in the 
presence of ethanol than when ethanol was absent, and that the expression of these 
genes was little affected by pH. These genes included maeP (encoding the putative citrate 
transporter), citI (encoding the cit operon activator) and citE (encoding citrate lyase 
-subunit). While the expression of the alsS gene varied occasionally, the alsD gene 
expression was increased during MLF. The latter two genes code for -acetolactate 
decarboxylase and -acetolactate synthase enzymes in diacetyl/acetoin pathway, 
respectively (Olguín et al., 2009). 
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Several other studies have also sought to elucidate the response mechanisms by which 
O. oeni adapts to the stressful wine environment during fermentation. When inoculated 
into wine, O. oeni becomes exposed to many environmental stresses such as those 
derived from low pH, high ethanol content, nutrient depletion, etc. In order for it to survive 
these harsh conditions, O. oeni needs to develop certain adaptive mechanisms. The 
synthesis of a variety of stress response proteins, such as heat-shock proteins, chaperons 
and ATP-dependent proteases, is one of the mechanisms involved in the adaptation of 
O. oeni to stress. Studies on the expression of genes encoding stress response proteins 
have been reported by several authors (Coucheney et al., 2005; Desroche et al., 2005; 
Capozzi et al., 2010; Olguín et al., 2010). In a previous study, Coucheney et al. (2005) 
observed a good correlation between the expression level of the hsp18 gene encoding the 
small heat-shock protein (Lo18) of O. oeni and its ability to grow and perform MLF. These 
results are in agreement with the findings of other authors (Capozzi et al., 2010; Olguín et 
al., 2010) who recently evaluated the expression level of the hsp18 gene of the selected 
O. oeni strains using RT-qPCR approach. The latter authors observed the highest 
expression level of several stress response genes in O. oeni strains showing the best MLF 
performances. The highest expression of hsp18 gene suggests that this gene can be used 
as a tool to evaluate the ability of O. oeni strains to survive in wine after direct inoculation 
and to perform MLF (Capozzi et al., 2010). There are other stress response genes that 
have also been investigated, and whose expression patterns were analyzed quantitatively. 
These genes include groES, grpE, ctsR, clpL, clpP, clpX, rmlB, trxA, etc. (Desroche et al., 
2005; Olguín et al., 2010).  
 
2.2.3  Proteomics 
While genomics deals with the genetic make-up of a particular organism, proteomics is 
aimed at examining the global protein expression in cells (Park et al., 2005) or outside the 
cell (exoproteome). The term proteomics refers to the study of the complete set of proteins 
in a cell, and it includes the identification of proteins and description of their function 
(Wilkins et al., 1996). In order to fully characterize a proteome (i.e. a complete set of 
proteins), it is required that high-throughput proteomics methodologies be developed. A 
standard procedure is two-dimensional gel electrophoresis (2D-PAGE), which is employed 
for separating proteins based on their isoelectric point and molecular mass. Following 2D-
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PAGE strategy is mass spectrometry (MS) for the identification and analysis of separated 
proteins (Gygi & Aebersold, 2000; Nie et al., 2008). 
 
Although 2D-PAGE has widely been used as a tool for proteome analysis, this approach is 
generally marred by some limitations. One of the limitations is that 2D-PAGE can only 
allow the detection of a few hundred proteins after their separation, thus covering only 
“low-complexity” proteomes (Zhang et al., 2010). In addition, this approach is limited by 
the difficulty of purifying proteins from 2D gels, as well as the lack of reproducibility derived 
from inherently limited resolution of 2D-PAGE (Choe & Lee, 2003). 
 
In overcoming these limitations, there have been improvements in the development of 
proteomics methodologies, such as isotope-coded affinity tags (ICAT), isobaric tag for 
relative and absolute quantification (iTRAQ) (Yan et al., 2008) or label-free comparative 
quantitative proteomics (Haqqani et al., 2008). These quantitative technologies allow for 
an accurate proteome measurement (Zhang et al., 2010), thus making proteomic 
approach a powerful tool in exploring cellular metabolism (Park et al., 2005). 
 
Applying the proteomic approach, Silveira et al. (2004) examined the proteome of O. oeni, 
focusing mainly on the site-specific location of proteins involved in ethanol adaptation, 
including cytoplasmic, membrane-associated and integral membrane proteins. From the 
proteomic analysis, it was shown that the presence of ethanol triggered alterations in 
protein patterns of O. oeni cells. Among the total number (n = 28) of proteins analysed, 
50% were identified as proteins with assigned function involved in a variety of cellular 
processes. The findings from this study provided evidence for an active ethanol adaptation 
response of O. oeni at the cytoplasmic and membrane protein levels (Silveira et al., 2004). 
Apart from examining the ethanol stress factor, Zapparoli (2004) also evaluated the stress 
resistance of O. oeni cells undergoing starvation during the stationary growth phase. The 
total protein analysis using 2D-PAGE highlighted differential protein expression patterns in 
cell cultures aged differentially, and the changes in expression profiles were associated 
with stress resistance during starvation conditions (Zapparoli, 2004). 
 
In another study, a proteomic approach was used to study biogenic amine production and 
protein biosynthesis by two Lactobacillus strains with known potential to produce 
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histamine, putrescine and cadaverine (Pessione et al., 2005). The two strains, 
Lactobacillus sp. 30a (ATCC 33222) originating from the horse gastrointestinal tract and a 
Lactobacillus sp. strain (w53) isolated from amine-contaminated wine, carried genetic 
determinants for histidine decarboxylase (HDC) and ornithine decarboxylase (ODC). 
Proteomic analyses revealed the close dependence of HDC and ODC biosynthesis on the 
presence of high content of free amino acids in the growth medium (Pessione et al., 2005). 
This proteomic study was the first to report on the proteomic analysis of amine-producing 
bacteria and it holds promise for evaluating the potential of other wine-associated LAB to 
spoil wines by producing unwanted compounds such as biogenic amines. 
 
In examining the physiological response of LAB to the presence of tannins in the growth 
media, the effect of tannic acid on wine L. hilgardii strain was examined by a combination 
of physiologic and proteomic approaches (Bossi et al., 2007). From this work, it was 
demonstrated that there was a decrease in the intensity of proteins on 2D maps, 
suggesting the possible role of tannins in the inhibition of the bacterial survival and growth 
in a wine environment (Bossi et al., 2007). Following this study, the effect of tannic acid 
was also evaluated in a L. plantarum wine strain using proteomic analysis of starved cells 
grown in the presence of tannic acid or glucose as a carbon source (Cecconi et al., 
2009a). In conjunction with the physiological characterisation, a comparative 2D-PAGE 
analysis of total proteins extracted from the bacterial cells was performed. The results 
indicated that the growth rates of L. plantarum grown in the presence of tannic acid were 
reduced, but it was observed that during the stationary phase cells maintained a higher 
viability than glucose-grown cells. Additionally, the proteomic data suggested that tannic 
acid does not have global effect on protein expression, but rather alters the expression of 
a relatively low number of proteins involved in important cellular and metabolic pathways, 
such as glycolysis, amino acid metabolism, translation and protein folding (Cecconi et al, 
2009a). 
 
Recently, Cecconi et al. (2009b) applied a comparative proteomic approach to assess the 
response of O. oeni during the pre-inoculation phase. Using the freeze-dried culture of a 
commercial strain of O. oeni (Lalvin VP41), comparisons were made between acclimated 
and non-acclimated cells to examine the importance of cell acclimation prior to inoculation 
into wine. The results revealed the different physiological status between acclimated and 
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non-acclimated cells, suggesting their different behaviour in wine (Cecconi et al., 2009b). 
Finally, Folio et al. (2008) identified a novel extracellular protein of O. oeni ATCC BAA-
1163 strain with protease activity, which was named EprA. The proteomic analysis of this 
bacterial strain, which was cultured in two media with different nitrogen concentrations, 
indicated that the protein profiles shared similarities between the two nitrogen 
environments. 
 
2.2.4  Metabolomics 
In analogy to genomics, transcriptomics and proteomics, metabolomics is one of the 
newest ‘omics’ disciplines to be developed with the aim of understanding the global 
systems biology (Rochfort, 2005). This ‘-omics’ approach deals with the identification and 
characterisation of the metabolome, herein referred to as the collection of all metabolic 
compounds (metabolites) present in the cell of an organism under a given set of 
conditions. These small molecules can include peptides, amino acids, nucleic acids, 
carbohydrates, organic acids, polyphenols, esters, or any other chemical component that 
can be used or synthesised by microbial cells (Wishart, 2008). 
 
There are a number of analytical platforms that are currently employed for identifying and 
quantifying cellular metabolic products. These include nuclear magnetic resonance (NMR) 
spectroscopy, gas chromatography-mass spectrometry (GC-MS), capillary 
electrophoresis-mass spectrometry (CE-MS), liquid chromatography-mass spectrometry 
(LC-MS), high-pressure liquid chromatography (HPLC), direct-injection mass spectrometry 
(DIMS) and Fourier transform infrared (FT-IR) spectroscopy. As such, an ideal analytical 
tool for analyzing extracted metabolites should be high-throughput, sensitive, robust, 
reproducible, have a wide dynamic range, and unbiased towards particular classes of 
metabolites (Singh, 2006; Lenz & Wilson, 2007). However, a major drawback associated 
with these technologies is that each analysis is targeted to a specific class of metabolites 
or is only capable of detecting a small number of metabolites. For a true non-targeted 
approach, one has to run several of these methods in order to be able to cover a wide 
range of metabolites (Mendes, 2002). The in-depth descriptions of these analytical tools 
are given in two recent reviews by Dunn & Ellis (2005) and Lenz & Wilson (2007). 
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Until recently, metabolomics has been extensively applied to diagnostics, drug research 
and nutrition (Wishart, 2008). However, only a few studies on metabolic profiling have 
been undertaken in other research disciplines such as wine fermentation. As such, wine is 
also composed of a multitude of chemical components, most of which are produced as 
secondary metabolic end-products of fermentation by wine microbiota. Previously, NMR-
based metabolomic approach was applied in wine yeast strains to monitor wine 
fermentation and evaluate the fermentative traits of yeast strains (Son et al., 2009a, b). 
 
On the other hand, metabolomic profiling of wine LAB is also documented. The use of 
various analytical tools has enabled researchers to study variations on the volatile aroma 
and flavour composition of wines resulting from MLF (Laurent et al., 1994; De Revel et al., 
1999; Maicas et al., 1999; Lloret et al., 2002; Fernandes et al., 2003; Ugliano & Moio, 
2005; Boido et al., 2002, 2009). Through the results obtained, the latter authors noted 
differences in the concentration of volatile chemical components in wines having 
undergone MLF, and this was also confirmed by sensorial differences between wines. 
Differences in metabolic compound profiles of wines produced as a consequence of MLF 
were also shown to be strain-dependent (Lee et al., 2009a, b). 
 
Recently, Boido et al. (2009) studied the influence of two O. oeni strains on the volatile 
compounds in Tannat wines as well as the effect of wine ageing in bottle on the aroma 
compounds produced during MLF. From the metabolite profile analysis, modifications in 
the concentration of acetates, ethyl esters and other secondary metabolites during MLF 
were observed; some of these compounds impart fruity aromas in wine. In addition, a 
decrease in the concentration of some acetates and ethyl esters in wine after bottle ageing 
was observed, and these changes could have implications on the changes in fruity aromas 
(Boido et al., 2009). 
 
In another study, the influence of five commercial O. oeni strains on fermentative 
behaviours and variations of metabolites during MLF was investigated (Lee et al., 2009a). 
MLF behaviours and metabolic variations were evaluated through a combination of 
1H NMR- and GC-MS-based metabolomic profiling in conjunction with multivariate 
statistical analysis. The results revealed different malolactic behaviours, thus contributing 
to variations in the secondary metabolites rather than the primary metabolites. 
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Additionally, there were also differences observed between wines produced with different 
strains (Lee et al., 2009a). In a follow-up study, Lee et al. (2009b) compared the 
fermentative behaviour and metabolic effects of a wine L. plantarum strain with those of a 
commercial O. oeni strain through 1H NMR- and GC-based metabolic profiling. From the 
findings, it was observed that higher levels of primary metabolites were more pronounced 
in wines fermented by L. plantarum compared with those by O. oeni. The results obtained 
from this study suggested that different genera of LAB have an effect on both the primary 
and secondary metabolites in wine. 
 
Although major advances have been made with respect to metabolomic profiling, the 
technologies used are less mature and most of the studies done thus far are not 
sufficiently comprehensive. In addition, the measurement accuracy of metabolites needs 
further improvements (Fiehn, 2001; Kell, 2004). Given the wide dynamic and chemical 
range of low molecular weight compounds in a biological sample, it has not yet been 
possible to perform a global metabolome analysis within a single analytical platform 
(Singh, 2006). However, the studies conducted until this far holds a greater promise that 
metabolomics could be a powerful tool in deciphering microbial metabolism (Cascante & 
Marin, 2008). Furthermore, there are a number of advantages that the metabolomics 
discipline display: it provides insights into metabolic profiles, it provides means for 
validating in silico pathways constructed based on available genome sequences, and it 
provides valuable information about how proteins function to produce energy and 
materials in the cell given that metabolites are downstream of all genome and proteome 
regulatory structures (Phelps et al., 2002; Park et al., 2005; Oldiges et al., 2007). 
 
2.2.5  Bioinformatics 
The term bioinformatics was coined in the late 1970s by Paulien Hogeweg and Ben 
Hesper to refer to the study of informatic processes in biotic systems (Hogeweg, 1978; 
Hogeweg & Hesper, 1978). The terms bioinformatics and computational biology are often 
used interchangeably. According to the definition by the National Institutes of Health in 
Bethesda, bioinformatics refers to “research, development, or application of computational 
tools and approaches for expanding the use of biological, medical, behavioural or health 
data, including those to acquire, store, organise, archive, analyse, or visualise such data.” 
Computational biology, on the other hand, involves “the development and application of 
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data-analytical and theoretical methods, mathematical modeling and computational 
simulation techniques to the study of biological, behavioural, and social systems.”  
 
The advent of high-throughput ‘-omics’ technologies became the major impetus towards 
the development of bioinformatics as a discipline which enables the integration and 
analysis of the enormous quantities of datasets generated by different ‘-omics’ technology 
platforms, such as genome sequencing, transcriptomics, proteomics and metabolomics. 
The field of bioinformatics relies heavily on the use of Internet as a place to access 
sequence data, to access softwares that are useful to analyse molecular data, and as a 
place to integrate different kinds of resources and information relevant to biology (Pevsner, 
2003). There are multitudes of relevant online bioinformatics resources which enable 
genome data visualisation and also to carry out comparative genomic analysis. Siezen et 
al. (2004) listed some of the useful websites that are relevant to bioinformatics. 
 
The most commonly used databases containing genome and protein sequences, obtained 
mostly from individual laboratories and large-scale sequencing facilities, are GenBank of 
the National Center for Biotechnology Information (NCBI), the European Molecular Biology 
Laboratory database (EMBL) of the European Bioinformatics Institute (EBI), and the DNA 
Database of Japan (DDBJ). These databases are centralised and publicly accessible. 
They are also regarded as the most comprehensive databases for nucleotide sequences 
and supporting biological annotations. All three databases share sequence data on a daily 
basis (Pevsner, 2003; Chen et al., 2005). 
 
Like other functional genomics technologies, metabolomics also generates enormous 
quantities of datasets that it would be near-impossible to analyse without the use of 
currently available bioinformatics tools. A series of pathway databases and their 
associated software exist on the Internet. These databases catalogue biochemical 
compounds and their properties, enzymes, reactions, regulatory interactions and pathways 
(Mendes, 2002). Two of the major pathway databases in the public domain are BioCYC 
and KEGG (Chen et al., 2005). The KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database, for example, encompasses genome projects, pathway databases, biochemical 
compounds, and reactions (Kanehisa et al., 2004). However, there are also other 
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established databases available for in silico construction of model pathways, and these 
include ExPASy, EMP, BRENDA and PathDB (Mendes, 2002; Park et al., 2005). 
 
2.3  LINKING MULTIPLE ‘-OMICS’ TECHNOLOGIES 
As long as the whole genome sequence of the target organism is known, it is now feasible 
to monitor and examine global gene expression by DNA microarray analysis (Park et al., 
2005). This was demonstrated recently by Borneman et al. (2010) who investigated the 
diversity in O. oeni strains by high-density microarray comparative genome hybridization. 
However, there has not been a success in finding a significant correlation between protein 
and mRNA abundances (Gygi et al., 1999). According to Park et al. (2005), this 
discrepancy arises from several factors, including protein regulation by post-translational 
modification, post-transcriptional regulation of protein synthesis, differences in the half-
lives of mRNA and proteins, and possible functional requirement for protein binding (Park 
et al., 2005). Amongst various ‘-omics’ platforms, transcriptomics in combination with 
proteomics remain the most commonly used method, since mRNA levels plus protein 
abundance and activity data are thought to faithfully represent biological systems (Park et 
al., 2005). 
 
2.4  CONCLUDING REMARKS 
An explosion of genome sequence data of various LAB has now enabled the development 
of various ‘-omics’ technology platforms, such as comparative genomics, transcriptomics, 
proteomics and metabolomics. However, there is currently no single technique that ought 
to fulfill all the requirements of an ideal global metabolite profiling tool, and each of the 
techniques has both advantages and limitations (Lenz & Wilson, 2007). Therefore, the 
integration of various ‘-omics’ approaches will be an extremely powerful tool in trying to 
decipher the complexity of biological systems at different levels given that, so far, no study 
has been able to successfully exploit these integrated approaches. 
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Introduction
Malolactic fermentation (MLF) in wine is a secondary fer-
mentation process that usually occurs after alcoholic
fermentation, although it may also occur during alcoholic
fermentation. This process involves the decarboxylation of
l-malic acid to l-lactic acid and carbon dioxide, and it is
normally conducted by lactic acid bacteria (LAB) belonging
to the four genera: Lactobacillus, Leuconostoc, Pediococcus
and Oenococcus (Wibowo et al. 1985). Among these genera,
Oenococcus oeni is most frequently associated with MLF
because of its adaptation to survive very harsh winemaking
conditions of low pH (Drici-Cachon et al. 1996), high eth-
anol concentration (Davis et al. 1988) and the presence of
sulfur dioxide (Henick-Kling 1988).
Apart from wine deacidification, wine LAB can posi-
tively alter the chemical composition of wine through the
metabolism of precursors present in wine during fermen-
tation. A wide range of secondary modifications are of
great importance for the taste and flavour improvement
of wine, and these include citrate metabolism, amino acid
metabolism, metabolism of polysaccharides, metabolism
of polyols, catabolism of aldehydes, hydrolysis of glyco-
sides, synthesis and hydrolysis of esters, and degradation
of phenolic acids, lipolysis, proteolysis and peptidolysis
(Liu 2002; Matthews et al. 2004). These reactions rely on
the hydrolytic action of enzymes, and the metabolites
formed as a result of bacterial enzymatic activity can
positively alter the sensory properties of wine. Some of
the enzymes of major interest in wine aroma include
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Abstract
Aims: The objective of this study was to investigate the presence of genes
coding for enzymes of oenological relevance in wine Lactobacillus strains
isolated from South African grape and wine samples during the 2001 and 2002
harvest seasons.
Methods and Results: A total of 120 wine lactobacilli isolates belonging to
Lactobacillus plantarum, Lactobacillus hilgardii, Lactobacillus brevis, Lactobacillus
pentosus, Lactobacillus paracasei, Lactobacillus sakei and Lactobacillus paraplan-
tarum were genetically screened for enzyme-encoding genes using PCR with
primers specific for b-glucosidase, protease, esterase, citrate lyase and phenolic
acid decarboxylase. The results of PCR screening showed that the Lactobacillus
strains possessed different combinations of enzymes and that some strains did
not possess any of the enzymes tested. Confirmation analysis with gene
sequencing also showed high similarity of genes with those available in
GenBank database.
Conclusion: In this study, we have demonstrated the existence of genes coding
for wine-related enzymes in wine lactobacilli that could potentially hydrolyse
wine precursors to positively influence wine aroma.
Significance and Impact of the Study: An expansion of knowledge on the
genetic diversity of wine-associated lactic acid bacteria will enable the selection of
novel malolactic fermentation starter cultures with desired oenological traits for
the improvement of the organoleptic quality of the wine, and hence wine aroma.
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b-glucosidases, proteases, esterases, citrate lyases and phe-
nolic acid decarboxylases (Liu 2002; Matthews et al. 2004).
Enzymes in winemaking provide a broader range of
biotechnological benefits, among which the formation of
wine aroma has become the major focus area of interest
in recent years. The enzymes not only are involved in
flavour enhancement but can also assist in improving the
colour of red wines and solve the problems associated
with wine filtration. It is therefore crucial to ascertain the
potential of microbes, more specifically wine LAB, to pos-
sess enzymes which confer desirable traits in wine with
respect to the formation of aroma. Although the presence
of a broad range of enzymes in yeasts (Rosi et al. 1994;
Strauss et al. 2001) and bacteria (Liu 2002; Matthews
et al. 2004) has been documented, very few studies have
taken a step ahead to genetically elucidate the potential of
wine LAB to possess a wide range of genes coding for
enzymes of interest in winemaking.
The enzyme and its genetic determinants that have
been best studied in wine LAB is b-glucosidase. b-Gluco-
sidase activity in wine LAB (mainly O. oeni) was observed
in a synthetic media by Guilloux-Benatier et al. (1993).
This was further confirmed by Grimaldi et al. (2000),
who found readily detectable activity of b-glucosidase in
11 commercial preparation of O. oeni. Further studies
(Mansfield et al., 2002) detected the production of
b-glucosidase enzymes in strains of O. oeni, although cul-
tures of the same strains failed to hydrolyse native grape
glycosides. In contrast, McMahon et al. (1999) observed
no enzymatic activity in commercial strains of O. oeni
against arbutin, an artificial glycosidic substrate. A recent
study (Spano et al. 2005) has shown that different LAB
species such as Lactobacillus plantarum, O. oeni, Pedio-
coccus damnosus, Lactobacillus paraplantarum and Lacto-
bacillus pentosus have the coding gene sequence and they
were highly homologous. The expression of the b-glucosi-
dase gene of Lact. plantarum was evaluated under
different wine conditions, and results showed that it is
regulated by factors such as temperature, ethanol and pH.
A recent study by de las Rivas et al. (2009) has
demonstrated the existence of the pdc gene encoding a
phenolic acid decarboxylase in wine LAB strains. In
addition, the presence of wine-related enzyme-encoding
genes in wine LAB was further confirmed by Olguı´n
et al. (2009), who investigated the expression patterns of
genes related to citrate utilization in O. oeni PSU-1
strain under the conditions simulating those of wine-
making. The results shown by these authors give an
indication that wine LAB have the potential to possess
genes coding for enzymes of interest in winemaking,
with particular attention devoted to those related to
wine aroma formation. Nevertheless, this area of wine
LAB genomics still merits further studies with intent to
detect the presence of other enzyme-encoding genes of
particular relevance in winemaking.
This is the main reason that, in this study, we investi-
gated the presence of genes coding for b-glucosidase,
protease, esterase, citrate lyase (a-, b- and c-subunits)
and phenolic acid decarboxylase in wine lactobacilli. The
large presence of lactobacilli in South African wines stim-
ulated our interest to genetically characterize the isolated
strains of Lactobacillus belonging to Lact. plantarum,
Lactobacillus hilgardii, Lactobacillus brevis, Lact. pentosus,
Lactobacillus paracasei, Lactobacillus sakei and Lact. para-
plantarum for the latter enzymes. Genes codings for the
different enzymes tested were identified through PCR
detection with enzyme-specific primers, and the amplified
DNA fragments were subsequently sequenced for compar-
ative sequencing analysis.
Materials and methods
Bacterial isolates and culture conditions
All bacterial isolates used in this study form part of the
culture collection of the Institute for Wine Biotechnology
and were isolated during the 2001 and 2002 harvest
seasons from five different commercial wineries situated
in the Western Cape, South Africa. All strains were
routinely grown at 30C on de Mann-Rogosa-Sharpe
(MRS; Biolab, Wadeville, South Africa) medium. Escheri-
chia coli DH5a cells were used as a host for cloning
experiments, and they were grown with aeration in Luri-
a–Bertani (LB; Biolab) broth at 37C (Sambrook et al.
1989). For the selection of E. coli positive transformants,
100 lg ml)1 of ampicillin was incorporated in the LB
medium. The plasmid pLOCPAD was provided by Prof.
J.-F. Cavin (Universite´ de Bourgogne, Dijon, France) and
was used as the positive control for PCR screening of lac-
tobacilli for phenolic acid decarboxylase gene. All solid
media contained 2% (w ⁄ v) agar.
Molecular detection of genes
To detect the presence of b-glucosidase, protease, esterase,
citrate lyase and phenolic acid decarboxylase genes from
different wine Lactobacillus species, the isolates were
screened using colony PCR. Bacterial isolates were first
grown on MRS agar plates, after which one colony from
each plate was applied directly to PCR using specific
primer sets (Table 1). Nucleotide gene sequences used for
designing the primers were extracted from the Integrated
Microbial Genomes database (http://img.jgi.doe.gov of the
DOE Joint Genome Institute). All the primers used in
this study were synthesized by Inqaba Biotechnical Indus-
tries (Pretoria, South Africa).
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For PCR experiments, each colony was added to a
50-ll PCR mixture containing 1Æ25 U Supertherm poly-
merase (Hoffman-La Roche, Basel, Switzerland),
0Æ4 lmol l)1 of each primer, 1Æ5 mmol l)1 MgCl2, 0Æ25
mmol l)1 dNTP mix and 1· PCR buffer. The reaction
mixture was subjected to PCR using T3 Thermocycler
(Biometra GmbH, Go¨ttingen, Germany) through the
temperature profiles indicated in Table 2. PCR products
were analysed by electrophoresis on agarose (Sigma-
Aldrich, St Louis, MO, USA) gels containing 0Æ2 lg ml)1
ethidium bromide. Gels were run for c. 60 min at 80 V in
1· TAE (100 mmol l)1 Tris–HCl, 1 mmol l)1 EDTA, pH
8Æ0, 20 mmol l)1 acetate) buffer. DNA fragments were
visualized by UV transillumination and documented with
Alpha Imager (Alpha Innotech Corporation, San Leandro,
CA, USA). Lambda DNA digested with EcoRI and HindIII
(Fermentas, Vilnius, Lithuania) was used as the standard
molecular weight marker, and a 100-bp molecular weight
marker XIV (Roche Diagnostics, Mannheim, Germany)
was used for the expected low band size fragments.
DNA preparation and gene amplification
Among the isolates that possessed all five enzyme genes,
ten were selected from which genomic DNA was extracted
and used as template to amplify the coding sequences of
the respective genes. The selected isolates belonged to
Lact. plantarum, Lact. paracasei, Lact. hilgardii, Lact. brevis
and Lact. pentosus. Isolation of chromosomal DNA was
performed by phenol extraction as suggested by Vaquero
et al. (2004) and modified by precipitating chromosomal
DNA by adding two volumes of cold ethanol and one-
tenth volume of 3 mol l)1 sodium acetate solution. The
precipitated DNA was washed with 70% ethanol, dried in
a speedy vacuum and dissolved in 100 ll of 1· TE buffer
containing 5 ll of RNase (10 mg ml)1) (Sigma-Aldrich).
Table 1 The list of primers used in this study
Primer name Primer sequence (5¢–3¢) Application References
BGL-1 GTGACTATGGTAGAGTTTCC – fwd b-Glucosidase gene Spano et al. 2005
BGL-2 TCAAAACCCATTCCGTTCCCCA – rev b-Glucosidase gene Spano et al. 2005
Prt-1 GCATGGCTAATAAATCATTAATCAAAG – fwd Serine protease HtrA gene This work
Prt-2 GCTTAGTTACTTTGTTTAGTTAACGTTTTG – rev Serine protease HtrA gene This work
Est-1 GCTAATTTGTAACCGTATCCGCC – fwd Putative esterase gene This work
Est-2 CGCGCATGTTAACTTTTAGTAGAAC – rev Putative esterase gene This work
citD-f ATGGAAATTAARAMAACKGCAKTMGC – fwd Citrate lyase (gamma subunit) gene This work
citD-r GCYGCYGTAATRGTYGKYGCYTTWAT – rev Citrate lyase (gamma subunit) gene This work
citE-1 TTACGBCGSACRATGATGTTTGT – fwd Citrate lyase (beta subunit) gene This work
citE-2 TATTTTTCAATGTAATTDCCCTCC – rev Citrate lyase (beta subunit) gene This work
citF-a ATGGYATGACRATTTCWTTYCAYCAYCA – fwd Citrate lyase (alpha subunit) gene This work
citF-b ATCAATVAHBSWRCCRTCRCGRTAYTC – rev Citrate lyase (alpha subunit) gene This work
PAD-1 AARAAYGAYCAYACYRTTGATTACC – fwd Phenolic acid decarboxylase gene This work
PAD-3 TTCTTCWACCCAYTTHGGGAAGAA – rev Phenolic acid decarboxylase gene This work
















BGL-1 ⁄ BGL-2 94, 5 30 94, 1 min 50, 40 s 72, 1Æ2 min 72, 10 Spano et al. 2005
Prt-1 ⁄ Prt-2 94, 5 30 94, 1 min 55, 30 s 72, 1 min 72, 10 This work
Est-1 ⁄ Est-2 94, 5 30 94, 1 min 53, 30 s 72, 1 min 72, 10 This work
citD-f ⁄ citD-r 94, 3 35 94, 45 s 54, 30 s 72, 1 min 72, 5 This work
citE-1 ⁄ citE-2 94, 3 35 94, 30 s 54, 1 min 72, 1 min 72, 10 This work
citF-a ⁄ citF-b 94, 5 35 94, 1 min 49, 45 s 72, 1 min 72, 10 This work
PAD-1 ⁄ PAD-2 94, 2 35 94, 40 s 50, 1 min 72, 30 s 72, 5 This work
TDi, initial denaturation temperature; TD, denaturation temperature; TA, annealing temperature; TE, extension temperature; TEf, final extension
temperature.
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DNA samples were then incubated at 65C for 4 min
before storage at )20C.
The quantification of DNA was performed spectropho-
tometrically using a NanoDrop ND-1000 (NanoDrop
Technologies Inc., Wilmington, DE, USA). To isolate the
genes from the selected isolates, the same sets of PCR
primers and thermal cycling conditions were employed as
described earlier, except that 10 ng of the extracted DNA
and 1Æ25 U TaKaRa Ex Taq DNA polymerase (TaKaRa
Biomedicals, Shiga, Japan) were used while MgCl2 was
not incorporated. PCR amplification products were puri-
fied with QIAquick PCR Purification kit (Qiagen, Milan,
Italy) and cloned into the pGEM-T Easy vector
(Promega, Madison, WI, USA) according to the manufac-
turers’ instructions. After transformation into E. coli, the
PCR fragments were purified and sent for sequencing.
DNA sequencing and analysis
All sequencing reactions were performed by Inqaba
Biotechnical Industries and the Central Analytical Facility
(Stellenbosch University, South Africa). DNA sequencing
was performed on both strands by using universal primers
(T7 and SP6). Nucleotide sequence data were assembled,
and multiple sequence alignment was carried out with the
biological sequence alignment editor (BioEdit program;
Ibis Therapeutics, Carlsbad, CA, USA). The basic local
alignment search tool (BLASTn) of the National Center of
Biotechnology Information (NCBI) was used for searching
homologous nucleotide sequences (Altschul et al. 1990).
Results
Genetic screening
PCR screening with the designed primers resulted in
single gene products of 1392 bp for b-glucosidase,
1020 bp for esterase, 1263 bp for protease, 245 bp for
citrate lyase c-subunit, 897 bp for citrate lyase b-subunit,
1331 bp for citrate lyase a-subunit and 210 bp for pheno-
lic acid decarboxylase (partial sequence) (Fig. 1). The dis-
tribution of the enzymes within the lactobacilli tested is
presented in Table 3: 41% were positive for b-glucosidase,
58% for protease, 59% for esterase, 60% for citrate lyase
c-subunit, 68% for citrate lyase b-subunit, 62% for citrate
lyase a-subunit and 75% for phenolic acid decarboxylase.
Of all the lactobacilli isolates, 32 possessed genes for all
five enzymes evaluated in this study. In addition, b-gluco-
sidase genes from six isolates yielded PCR fragments of
1308 bp (Fig. 1a), when compared to the rest with
1392 bp. Among these, two isolates Lact. plantarum 113Æ1
and Lact. brevis 116Æ3 were selected for comparative
sequence alignments.
Comparative analysis of gene sequences
Among the isolates that possessed all five genes, ten were
selected, and the genes encoding the corresponding
enzymes were sequenced. An analysis of b-glucosidase
gene sequences showed that these sequences were highly
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Figure 1 PCR amplifications showing the
presence of b-glucosidase genes (a), esterase
genes (b), serine protease HtrA genes (c),
citrate lyase genes (d) and phenolic acid
decarboxylase genes (e). M is the standard
molecular weight marker. Strains: lane
1 – Lactobacillus hilgardii 87Æ1; lane 2 –
Lactobacillus paraplantarum 107Æ1; lane 3 –
Lactobacillus plantarum 120Æ1; lane 4 – Lacto-
bacillus paracasei 146Æ1; lane 5 – Lactobacillus
brevis 116Æ3; lane 6 – Lact. plantarum 113Æ1;
lane 7 – negative control; +C – pLOCPAD
(positive control for phenolic acid decarboxyl-
ase gene).
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accession no. AY489109) and O. oeni (accession no.
AY489108) with the highest nucleotide sequence identity
of 99%. Additionally, b-glucosidase genes from the two
other selected isolates (Lact. plantarum 113Æ1 and
Lact. brevis 116Æ3) that possessed smaller fragments were
sequenced, and the alignment results showed that the
genes from these isolates possessed the sequences with
84 bp missing (Fig. 2). Nevertheless, nucleotide sequences
for these two isolates were highly similar to b-glucosidase
gene sequences of O. oeni and Lact. plantarum WCFS1
available in GenBank database.
Similar trends of nucleotide sequence homology were
also observed for esterase, protease, citrate lyase and
phenolic acid decarboxylase genes from the isolates inves-
tigated. The nucleotide sequences of esterase genes exhi-
bited 99% identity with the esterase gene from
Lact. plantarum WCFS1 strain (AL935258), with minor
differences noticeable in a few nucleotides (data not
shown). Furthermore, analysis of the protease gene
sequences showed that these genes belong to the class of
serine protease HtrA enzymes. Protease genes exhibited a
significant homology with serine protease HtrA genes sim-
ilar to those previously identified in Lact. plantarum
WCFS1 (accession no. AL935252; 99% identity) and
Lactobacillus delbrueckii ssp. bulgaricus ATCC 11842
(accession no. CR954253; 73% identity). Protease genes
were also homologous to a lesser extent to trypsin-like
serine protease genes with post-synaptic density protein,
disc large and zo-1 (PDZ) domain, and this was the case
for protease genes from Lact. brevis ATCC 367 (accession
no. CP000416; 69% identity), Lact. delbrueckii ssp. bulgari-
cus ATCC BAA-365 (accession no. CP000412; 73% iden-
tity) and Pediococcus pentosaceus ATCC 25745 (accession
no. CP000422; 70% identity) (data not shown).
The nucleotide sequence alignment of the a-subunit of
citrate lyase genes also showed that these genes are highly
similar to those of Lact. plantarum WCFS1 (accession
no. AL935255; 98–99% identity), Lactobacillus reuteri
(accession no. DQ233691; 74% identity), Lactobacillus
acidophilus NCFM (accession no. CP000033; 74%
identity), O. oeni PSU-1 (accession no. CP000411; 72%
identity), Lactobacillus helveticus DPC 4571 (accession no.
CP000517; 72% identity), Leuconostoc citreum KM20
(accession no. DQ489736; 71% identity), Lactobacillus
casei ATCC 334 (accession no. CP000423; 66% identity),
Lact. casei BL23 (accession no. FM177140; 66% identity)
and Lact. sakei strain 23K (accession no. CR936503; 66%
identity) (data not shown).
The nucleotide gene sequences of citrate lyase (b-subunit)
were similar to those of Lact. plantarum WCFS1 (accession
no. AL935255; 97–99% identity), Lact. reuteri (accession no.
DQ233692; 73% identity), O. oeni PSU-1 (accession no.
CP000411; 71% identity), Leuconostoc mesenteroides (acces-
sion no. Y10621; 71–72% identity), Leuc. citreum KM20
(accession no. DQ489736; 69–70% identity), Lact. sakei
strain 23K (accession no. CR936503; 65–66% identity) and
Lact. casei ATCC 334 (accession no. CP000423; 66–67%
identity) (data not shown).
The sequences of c-subunit of citrate lyase showed sim-
ilarity to those of Lact. plantarum WCFS1 (accession no.
AL935255; 97% identity), O. oeni PSU-1 (accession no.
CP000411; 67% identity), Leuc. citreum KM20 (accession
no. DQ489736; 80% identity), Lact. helveticus DPC 4571
(accession no. CP000517; 71% identity) and Lact.
acidophilus NCFM (accession no. CP000033; 81% iden-
tity) (data not shown).
Similar results of nucleotide similarity were also
observed for the partial phenolic acid decarboxylase genes
which were highly homologous to p-coumaric acid
decarboxylase (pdc) or phenolic acid decarboxylase
genes (pad) of Lact. plantarum WCFS1 (accession no.
AL935262; 98% identity), Lact. plantarum (accession no.
AF257163; 98% identity), Lactobacillus fermentum (acces-
sion no. AF257162; 98% identity), Lact. pentosus (accession
no. AF257161; 98% identity), Lact. paracasei (accession no.
AF257160; 98% identity), Lactobacillus crispatus (accession
no. AF257159; 98% identity), Ped. pentosaceus (accession
no. AJ276891; 80% identity), Ped. pentosaceus ATCC 25745
Table 3 Detection of enzyme-encoding
genes with enzyme-specific primers using
colony PCR
Species bgl prt estA citD citE citF pad
Lactobacillus spp. 120* (49†) 120 (69) 120 (71) 120 (72) 120 (81) 120 (74) 120 (90)
Lactobacillus plantarum 84 (34) 84 (57) 84 (59) 84 (59) 84 (67) 84 (61) 84 (72)
Lactobacillus hilgardii 02 (02) 02 (02) 02 (02) 02 (01) 02 (02) 02 (02) 02 (02)
Lactobacillus brevis 11 (03) 11 (03) 11 (03) 11 (03) 11 (03) 11 (02) 11 (04)
Lactobacillus paracasei 10 (04) 10 (04) 10 (05) 10 (05) 10 (05) 10 (05) 10 (06)
Lactobacillus pentosus 10 (04) 10 (01) 10 (01) 10 (02) 10 (02) 10 (01) 10 (03)
Lactobacillus sakei 01 (00) 01 (01) 01 (01) 01 (00) 01 (00) 01 (01) 01 (01)
Lactobacillus paraplantarum 02 (02) 02 (01) 02 (00) 02 (02) 02 (02) 02 (02) 02 (02)
Bgl, b-glucosidase; prt, protease; estA, esterase; citD, citrate lyase c-subunit; citE, citrate lyase
b-subunit; citF, citrate lyase a-subunit; pad, phenolic acid decarboxylase.
*The total number of isolates tested.
†The number of positive strains.
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(accession no. CP000422; 79% identity), Lact. sakei strain
23K (accession no. CR936503; 78% identity), Lact. brevis
ATCC 367 (accession no. CP000416; 78% identity) and
Lact. hilgardii (accession no. AF257158; 77% identity)
(data not shown).
Discussion
We have demonstrated the existence of different enzyme-
encoding genes in several species of Lactobacillus associ-
ated with winemaking. To our knowledge, this is the first
study to investigate the presence of a wide range of the
genes coding for different enzymes in Lactobacillus species
isolated from South African wines. While the enzymes of
dairy LAB have received much attention, it has been spec-
ulated that wine LAB have the potential to produce
enzymes related to the production of aroma in wine (Liu
2002; Matthews et al. 2004), and we have now shown
using molecular methods that indeed the LAB have a
diverse array of enzyme-encoding genes.
In our study, we tested different Lactobacillus species
for the genes encoding b-glucosidase, protease, esterase,
citrate lyase (a-, b- and c-subunits) and phenolic acid
decarboxylase. For confirmation, purified PCR fragments
from the selected strains were transformed into E. coli
DH5a and subsequently sequenced using universal prim-
ers T7 and SP6. The sequencing of the genes allowed us
to study the homology patterns of gene sequences
between different wine LAB species. The GenBank data-
base was employed as a tool to search for genes similar to
those that we sequenced. From the alignment results, it
was noteworthy that our gene sequences showed high
degrees of similarity to those available in GenBank
database. Through PCR detection and sequencing of the
L. plant-WCFS1 MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
O. oeni     MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. pent-79·2  MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. hil-3      MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVHGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. hil-87·1   MVEFPEGFVWGVATSGPQTEGNFHKQHQNVFDYWFTTEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. plant-40·3 MVGFPEGFVWGVATSGPQTEGNFHKQHQNVFDYWFTTEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTLIQWTRLIDDFETASLNADGVAFYN 100 
L. brev-81·1  MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. plant-113·1 MVEFPESFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. brev-116·3 MVEFPEGFVWGAATSGPQTEGNFHKQHQNVFDYWFATEPEQFDAGVGPDTASNFYNDYDHDLALMAQAGVQGLRTSIQWTRLIDDFETASLNADGVAFYN 100 
L. plant-WCFS1 HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
O. oeni     HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. pent-79·2  HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. hil-3      HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. hil-87·1   HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. plant-40·3 HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. brev-81·1  HVIDSMLAHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. plant-113·1 HVIDSMLTHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. brev-116·3 HVIDSMLTHHITPYINLHHFDLPVALYDKYHGWESKHVVELFVKFAEQCFKLFGDRVDHWYTFNEPKVVVDGQYLYGWHYPQVINGPKAVQVAYNMNLAS 200 
L. plant-WCFS1 AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
O. oeni     AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. pent-79·2  AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPDDCLGVNYYHP 300 
L. hil-3      AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. hil-87·1   AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. plant-40·3 AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. brev-81·1  AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. plant-113·1 AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. brev-116·3 AKTVARFHELCVRPEQQIGIILNLTPAYAASDDPADLAAAEFAELWSNNLFLDPAVLGHFPEKLVERLTMDGVLWDATPTELAIIAANPVDCLGVNYYHP 300 
L. plant-WCFS1 FRVQRPDISPKSLQPWMPDIYFKEYDMPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
O. oeni     FRVQRPDISPKSLQPWMPDIYFKEYDMPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
L. pent-79·2  FRVQRPDISPKSLQPWMPDIYFKESDMPGRMMNVDRGWEIYPQAMNDIARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
L. hil-3      FRVQRPDISPKSLQPWMPDIYFKEYDMPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWTISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
L. hil-87·1   FRVQRPDISPKSLQPWMPDIYFKEYDIPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
L. plant-40·3 FRVQRPDISPKSLQPWMPDIYFKEYDMPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWMISENGMGVAGEERFPDKQGVVQDDYRIDFMKEHLTALA 400 
L. brev-81·1  FRVQRPDISPKSLQPWMPDIYFKEYDMPGRMMNVDRGWEIYPQAMTDIARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 400 
L. plant-113·1 FRVQRPDISPKSLQPWMPDI~~~~~~~~~~~~~~~~~~~~~~~~~~~~ARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 372 
L. brev-116·3 FRVQRPDISPKSLQPWMPDI~~~~~~~~~~~~~~~~~~~~~~~~~~~~ARNIQKNYGNIPWMISENGMGVAGEERFLDKQGVVQDDYRIDFMKEHLTALA 372 
L. plant-WCFS1 KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAELGERNGF 461  
O. oeni     KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAELGERNGF 461  
L. pent-79·2  KGIAAGSNCQGNFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAELGERNGF 461  
L. hil-3      KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAELGERNGF 461  
L. hil-87·1   KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAKLGERNGF 461  
L. plant-40·3 KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAKLGERNGF 461  
L. brev-81·1  KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDIHTQTKTLKKSAKWFAELGERNGF 461  
L. plant-113·1 KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDSHTQTKTLKKSAKWFAELGERNEF 433  
L. brev-116·3 KGIAAGSNCQGYFVWSGIDCWSWNHAYHNRYGLIRNDSHTQTKTLKKSAKWFAELGERNGF 433  
Figure 2 Amino acid sequence alignments of b-glucosidase genes from Lactobacillus plantarum WCFS1, Oenococcus oeni, Lactobacillus pentosus
79Æ2, Lactobacillus hilgardii 3, Lact. hilgardii 87Æ1, Lact. plantarum 40Æ3, Lact. plantarum 113Æ1, Lactobacillus brevis 81Æ1 and Lact. brevis 116Æ3.
Gene sequences of Lact. plantarum WCFS1 (accession no. AY489109) and O. oeni (accession no. AY489108) were extracted from GenBank
database. Highlighted residues indicate regions that are highly conserved.
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amplified DNA fragments, we were able to obtain either
partial (phenolic acid decarboxylase) or the entire nucleo-
tide sequences of the genes (b-glucosidase, protease, ester-
ase and three citrate lyase subunits). An analysis of these
sequences indicated that our gene sequences possessed
regions that were highly conserved between species.
Although we genetically tested and subsequently
sequenced a limited number of isolates, the results of
gene sequence alignments indicate a very close genetic
similarity among different species of Lactobacillus. These
results support the findings of Spano et al. (2005) who
first reported the similarity in amino acid sequences
of b-glucosidase genes from Lact. plantarum, O. oeni,
Lact. paraplantarum and Ped. damnosus. In our study,
the b-glucosidase-encoding gene was only found in a
minority of strains (49 of 120), suggesting that this gene
is not essential for survival in wine. It is however present
in all species tested (except Lact. sakei, but only one strain
was considered in this study), and the sequences revealed
high homologies between species. This could suggest that
horizontal gene transfer has occurred. Furthermore, two
strains belonging to two different species revealed an
identical gap in the nucleotide sequence of their b-gluco-
sidase-encoding gene. This rare event reinforces the
hypothesis that horizontal gene transfer occurred between
species of lactobacilli. This gap might influence the activ-
ity of the enzyme in these particular strains, and this
should be further investigated. The presence of b-glucosi-
dase genes from Lactobacillus strains that we tested may
be beneficial to wine with regard to the formation of wine
aroma. By definition, b-glucosidases are enzymes that
hydrolyse a bond between glucose and a sugar-bound
component. These sugar-bound compounds are nonvola-
tile and therefore do not contribute to wine aroma
(Williams et al. 1995). The action of b-glucosidase is thus
required for the hydrolysis of these nonaromatic compo-
nents, thereby liberating the aroma precursors. The
activity of glycosidases under oenological conditions was
assessed from a range of species belonging to Lacto-
bacillus, Pediococcus (Grimaldi et al. 2005a) and O. oeni
(Grimaldi et al. 2005b). The results indicated that wine
LAB have the potential to impart desirable traits in wine
aromatic composition.
Although we did not assess enzyme activity from any
of the strains that contained an esterase-encoding gene,
it was shown by Matthews et al. (2007) that wine LAB
esterases are active under wine conditions. Fifty-nine
percent of our strains possessed genes coding for ester-
ase, and this gives an indication that these strains may
also be involved in ester synthesis and ⁄or hydrolysis
(Liu 2002; Matthews et al. 2004). In our study, it was
shown that Lact. plantarum had a high percentage of
strains that possessed esterase genes. As one of the
most predominant wine lactobacilli, this bacterium can
therefore have an impact on ester levels in wine, and
hence on wine aroma.
Apart from malic acid decarboxylation during MLF,
citrate can also be degraded by many wine LAB. This
compound is one of the major organic acids naturally
present in grape juice and wine. The metabolism of
citrate by wine LAB results to the production of diacetyl,
which is considered the most important aromatic
compound that imparts a buttery character in wine (Liu
2002). Many studies on the potential of wine LAB to
metabolize citrate have been conducted elsewhere (Marti-
neau and Henick-Kling 1995; Nielsen and Richelieu
1999). Recently, Olguı´n et al. (2009) quantified the
expression of genes related to citrate metabolism in
O. oeni PSU-1 strain. The results indicated that the tran-
scriptional behaviour of the genes differ with respect to
stress conditions prevalent in wine. In our study, we have
also shown through PCR detection that a large majority
of wine lactobacilli possess genes coding for a citrate lyase
complex (a-, b- and c-subunit). This enzyme complex is
involved in citrate pathway to convert citrate to pyruvate,
an essential metabolic pathway, especially active when
other sources of energy (e.g. carbohydrates, malic acid)
are depleted. The fact that a large majority of lactobacilli
possess the genes (and therefore a potentially active
citrate lyase) clearly demonstrates that the presence of this
gene aided these bacteria to adapt to wine. It should also
be noted that some strains tested do not possess all the
subunits necessary to form the citrate lyase complex.
Further investigation is needed to test whether the citrate
catabolic pathway is still active in these strains.
From the Lactobacillus strains that we tested, more than
70% seemed to possess the gene coding for phenolic acid
decarboxylase. Very recently, de las Rivas et al. (2009)
developed a PCR assay for the specific detection of the pdc
gene encoding a phenolic acid decarboxylase in wine LAB
isolated from Spanish grape must and wine. The authors
could not detect the pdc gene in Lact. hilgardii, but our
study shows that some strains of this species do possess it.
Moreover, de las Rivas et al. (2009) also demonstrated the
direct link between the presence of the pdc gene and the
ability to produce volatile phenols from hydroxycinnamic
acids. This aspect needs further investigation into our
strains. Phenolics are compounds naturally present in
grape juice and wine, and they can be degraded microbial-
ly into volatile phenols during fermentation (Liu 2002).
These volatile phenols can either have a positive or a nega-
tive influence on wine aroma depending on their concen-
tration. Although many studies have demonstrated the
ability of wine LAB to produce volatile phenols (Cavin
et al. 1993; Chatonnet et al. 1995; Couto et al. 2006),
more work still needs to be carried out on a molecular
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point of view to elucidate the expression patterns of
enzyme-encoding genes in wine, under the conditions per-
tinent to winemaking. Nevertheless, the presence of the
pdc gene in a large majority of Lactobacillus strains con-
firms that these bacteria might not only be a source of
beneficial enzymes but could also spoil wines by poten-
tially producing compounds responsible for off-flavours.
The findings reported in this work give an indication
that wine lactobacilli can be used not only for conducting
MLF but also as the potential source of enzymes to impact
positively on wine aroma. Although many strains were
shown to possess the genes with potential to act on specific
substrates, it remains imperative to better understand how
these genes are regulated under winemaking conditions,
and also to evaluate whether the expressed enzymes are
active in wine. This study therefore forms the basis for the
selection of potential strains to further evaluate them for
gene expression and enzyme activity under certain wine-
making parameters such as pH and ethanol.
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Aims: To screen Oenococcus oeni strains of South African wine origin for the presence of 
genes encoding enzymes of oenological relevance using a PCR-based detection 
approach. 
Methods and Results: A total of 24 O. oeni strains isolated in South Africa from brandy 
base wines and from red grape and wine samples were investigated in this study. The 
reference strains incorporated were NCDO 1894, NCDO 2122 and DSMZ 20252T. Using a 
molecular approach, O. oeni strains were subjected to PCR analysis with primers targeting 
the mleA, bgl, estA, prtP, pad, citD, citE, citF, maeP, alsD, alsS, metK, metB, metC, gshR, 
arcA, arcB and arcC genes. As expected, all the strains possessed all the genes 
investigated, with the notable exception of arcB, arcC and pad. It is the first time that the 
pad gene encoding a phenolic acid decarboxylase is detected in O. oeni, as two of our 
strains possessed this gene. The identity of PCR-generated fragments, representing all 
the genes tested for, was confirmed by sequencing. Homology searches were performed 
by comparing nucleotide sequences of IWBT B040 strain to other DNA sequences 
available in GenBank database. The highest sequence identities (98–100%) were 
recorded with those of three other O. oeni strains (PSU-1, ATCC BAA-1163 and AWRI 
B429) published in GenBank. Phylogenetic trees were also constructed based on DNA 
sequences of the alsS, estA, metK and mleA genes, which revealed that all O. oeni strains 
are phylogenetically distinct from other closely related species of the genus Leuconostoc. 
Conclusions: We have shown using a molecular approach that O. oeni strains possess a 
vast array of enzyme-encoding genes of relevance in winemaking. From this study, it was 
worth noting that most genes are conserved amongst the South African strains, and a 
worldwide scale comparison would provide more insights into the genetic diversity of O. 
oeni. 
Significance and Impact of the Study: The findings reported in this work provide a better 
insight on the possible role that O. oeni strains can have in modulating wine organoleptic 
quality with regards to the presence of genes encoding enzymes involved in various 
metabolic pathways. This study should therefore be followed by the expression analysis of 
  
43
these genes in order to assess if they are functionally expressed under oenological 
conditions. 
 
Keywords: Oenococcus oeni, wine, enzyme-encoding genes, PCR detection, sequencing 
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4.1  INTRODUCTION 
Oenococcus oeni is the main wine bacterium best adapted to perform malolactic 
fermentation (MLF). The reduction in wine acidity during MLF derives from the 
decarboxylation of L-malic acid (malate) to L-lactic acid (lactate) and carbon dioxide. The 
biological effect of malate conversion relates to increased microbial stabilization (derived 
from nutrient depletion) as well as improvement of wine sensorial properties (derived from 
acidity reduction) through the modification of fruit-derived aromas and the production of 
aroma-active compounds (Kunkee 1998; Lerm et al. 2010). 
 
 In order for wine-associated lactic acid bacteria (LAB), more specifically O. oeni, to 
impart desirable aroma and flavour attributes in wine, they need a variety of enzymatic 
activities capable of altering wine chemical profile. The enzymes of O. oeni metabolic 
pathways have been the subject of many studies in recent years. As such, Swiegers et al. 
(2005) described the major metabolic pathways by which the malolactic bacteria modulate 
flavour-active compounds in wine. Evaluating the presence of certain bacterial metabolic 
pathway genes coding for enzymes of oenological relevance has also been the subject of 
many studies. In a previous study, Mills et al. (2005) identified the genes encoding 
enzymes related to citrate utilization in the wine O. oeni PSU-1 strain, whose genome was 
sequenced and made publicly available. These genes are organized in the citrate lyase 
gene cluster (citR, mae, maeP, citC, citD, citE, citF, citX, citG). Garmyn et al. (1996) also 
cloned and characterized two genes (alsD and alsS) involved in the synthesis of diacetyl, 
which imparts a desirable buttery attribute in wine (Bartowsky and Henschke 2004). These 
two genes are located on the same operon and are constitutively expressed. 
 
 The other well-studied enzyme and its genetic determinant is -glucosidase. In a 
previous study, Spano et al. (2005) detected the -glucosidase gene in an oenological 
strain of O. oeni; this gene was found to be conserved across various LAB species. 
Recently, Michlmayr et al. (2010) cloned and characterised a -glucosidase-related 
glycosidase gene of O. oeni ATCC BAA-1163 strain originating from wine. Morever, the 
genome sequence of a recently sequenced O. oeni AWRI B429 strain was also shown to 
possess two additional genes encoding glycosyl hydrolyases involved in the liberation of 
aroma compounds from glycosylated wine precursors (Borneman et al. 2010). The strains 
of O. oeni have also been evaluated for the presence of arc genes (arcA, arcB and arcC) 
encoding proteins involved in arginine metabolism via the arginine deiminase pathway 
(Tonon et al. 2001; Divol et al. 2003). In addition, Knoll et al. (2011) cloned and 
characterized a cystathionine -/-lyase from two oenological strains of O. oeni. This 
enzyme catalyzes the degradation of sulphur-containing amino acids. To our knowledge, 
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however, the presence of the pad gene encoding a phenolic acid decarboxylase has not 
been detected in any of the O. oeni strains tested previously. 
 
 In this paper, we report a PCR-based detection of genes encoding enzymes of 
oenological relevance in O. oeni strains isolated from South African wines. In addition, the 
presence of a putative phenolic acid decarboxylase gene in two O. oeni strains was 
evaluated. To confirm the identity of PCR-generated fragments, purified amplicons of the 
corresponding genes were sequenced. The genetic biodiversity between the tested O. 
oeni strains and the closest relatives was also studied by constructing phylogenetic trees 
based on nucleotide gene sequences.  
4.2  MATERIALS AND METHODS 
4.2.1   Bacterial strains, media and growth conditions 
All O. oeni strains investigated in this study form part of the culture collection of the 
Institute for Wine Biotechnology, Stellenbosch University, South Africa (Table 4.1). 
Reference strains included were NCDO 1894, NCDO 2122 and DSMZ 20252T. All strains 
were routinely grown at 30C on de Man-Rogosa-Sharpe (MRS; BIOLAB Diagnostics, 
Wadeville, South Africa) medium supplemented with 20% (v/v) apple juice. The medium 
was buffered to 5.2 with HCl. Anaerobic conditions were generated by Anaerocult® A 
(Merck, Darmstadt, Germany). The solid medium contained 2% (w/v) agar. Escherichia 
coli DH5 cells were used as the host for cloning procedures; they were grown in Luria-
Bertani medium (BIOLAB Diagnostics) added with an antibiotic (100 g ml-1 of ampicillin). 
4.2.2   PCR detection of genes 
Genomic DNA was extracted according to the method described by Mtshali et al. (2010). 
To detect the presence of 18 different enzyme-encoding genes in O. oeni strains, PCR 
primer sets listed in Table 4.2 were used. These primers were either taken from the 
literature (Araque et al. 2009; Mtshali et al. 2010) or designed in this study based on the 
nucleotide gene sequences of O. oeni PSU-1 (GenBank accession no. CP000411) and 
ATCC BAA-1163 (accession no. AAUV00000000). All primers were synthesised by the 
Integrated DNA Technologies, Inc. (Coralville, IA, USA). Reactions were carried out using 
a Biometra Thermoblock instrument (Biometra® GmbH, Göttingen, Germany) in a 25-l 
volume containing 50 ng of template DNA, 0.6 M of each primer, 1.5 mM MgCl2, 0.25 mM 
dNTP mix, 1X PCR buffer and 1.25 U of Supertherm polymerase (Southern Cross 
Biotechnology, Cape Town, South Africa). PCR conditions used for the different primers 
are shown in Table 4.3. PCR-generated amplicons were checked on agarose gels in 1X 
  
46
TAE (Tris-acetate-EDTA) buffer containing 0.5 g ml-1 of ethidium bromide and visualized 
under UV transillumination (Alpha Innotech Corporation, San Leandro, CA, USA). 
 
4.2.3   DNA sequencing 
 To confirm that the PCR amplification products corresponded to the genes studied, 
four O. oeni strains (IWBT B018, IWBT B040, NCDO 1894 and NCDO 2122), which are 
representative of each type of wine, were selected for sequencing. PCR assays were 
performed in 50-l volumes in the presence of Ex Taq™ DNA polymerase (Southern 
Cross Biotechnology) instead of Supertherm polymerase and cycled as described above. 
Amplicons were purified using QIAquick® PCR Purification kit (Qiagen, Southern Cross 
Biotechnology, Cape Town, South Africa) and cloned into pGEM-T® Easy vector 
(Promega, Madison, USA) according to manufacturers’ instructions. Positive transformants 
were then sequenced by the Central DNA Sequencing Facility, Stellenbosch University, 
South Africa. 
 
4.2.4   Comparative sequence analysis 
 After obtaining all the sequence data, the comparative analysis of gene sequences 
against international databases was performed with BLASTN algorithm of the National 
Center for Biotechnology Information NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi).  
 
4.2.5   Phylogenetic trees 
 For phylogenetic studies, multiple sequence alignments of nucleotide gene sequences 
were created using CLUSTAL_X (Thompson et al., 1997) and MEGA v4.1 software (Kumar 
et al., 2008) by applying default parameters. The sequences were trimmed manually at the 
same position before being used for further analysis. Phylogenetic trees were constructed 
using the neighbour-joining algorithm with Kimura’s two-parameter distance correction 
model from the MEGA v4.1 software package. The topologies of the resultant trees were 
evaluated by bootstrap analysis (Felsenstein, 1985) of 1000 replications. 
4.3   RESULTS 
4.3.1   Genetic screening of O. oeni strains 
In this study, a total of 27 O. oeni strains were evaluated for the presence of genes 
encoding enzymes with direct implications on winemaking. The majority of these strains 
originated from two types of South African wines. Three other representative strains 
incorporated were of Italian, Japanese and French origin. All PCR assays generated 
single gene products corresponding to the expected sizes given in Table 4.3. The results 
of genetic screening (Table 4.4) indicated that the majority of O. oeni strains possessed all 
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the genes tested for, with the exception of the phenolic acid decarboxylase gene that was 
only present in two strains. 
 
 The presence of a bgl gene encoding -glucosidase-related glycosidase was tested 
with degenerated primers designed after aligning gene sequences of O. oeni PSU-1 
(accession no. YP_811088) and Leuconostoc mesenteroides subsp. mesenteroides ATCC 
8293 (accession no. YP_818356). These primers generated PCR fragments with an 
expected size of 704 bp (internal fragment). PCR detection results indicated that all 
O. oeni strains possessed the bgl gene. 
 
 The genes (metB, metC, metK and gshR) encoding enzymes that act on sulphur-
containing amino acids were also tested. The entire population of O. oeni strains 
investigated in this study possessed all these four genes. In addition, the genes related to 
citrate utilisation and diacetyl synthesis were also detected in all strains during PCR 
detection assays: maeP, citD, citE, citF, alsD and alsS. To detect the three arc genes (i.e. 
arcA, arcB and arcC) encoding proteins involved in arginine metabolism, the primers 
described by Araque et al. (2009) were employed. Of the entire group of strains tested, all 
possessed the arcA gene encoding arginine deiminase protein. However, the arcB 
(encoding ornithine transcarbamylase) and arcC (encoding carbamate kinase) genes were 
only detected in 23 strains. 
 
4.3.2   Characterization of the pad gene in two O. oeni strains 
 In this study, O. oeni strains were also tested for the presence of a phenolic acid 
decarboxylase (pad) gene using degenerate primer set previously reported by Mtshali et 
al. (2010). These primers were designed from the gene sequences of various LAB species 
representing Bacillus, Lactobacillus, Pediococcus and Lactococcus. Of the entire group of 
O. oeni strains tested in this study, only two (i.e. IWBT B055 and IWBT B056) yielded PCR 
amplicons of an expected 210-bp size. 
 
 For sequence verification, genomic DNA from the two strains was subjected to PCR 
with the same set of primers. Purified PCR-generated fragments were sequenced and 
compared to other published DNA sequences. The obtained nucleotide sequences of the 
two O. oeni strains showed high similarity (>99% identity) to one another. The sequence 
similarity search was also performed in GenBank database to determine the closest 
relatives. When the DNA sequence of IWBT B056 strain was compared against PSU-1, 
ATCC BAA-1163 and AWRI B429 genomes of O. oeni strains, the BLAST results yielded 
no hits. This might suggest that this putative gene is unique to IWBT B055 and IWBT 
B056. 
 
 The pad gene sequence of IWBT B056 was also compared to nucleotide sequences of 
other closely related species. The highest identity was 74–80% between the obtained DNA 
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sequences and those published in GenBank database. Figure 4.1 shows the alignment of 
the putative pad gene of IWBT B056 strain with other bacterial sequences. Due to high 
similarity (>99% identity) between the pad gene sequences of the two O. oeni strains 
(IWBT B055 and IWBT B056), only one strain was considered in the alignment. From the 
sequence alignments, it was observed that Lactobacillus hilgardii (accession no. 
AF257158) and Lactobacillus crispatus (accession no. AF257159) have one additional 
nucleotide each in their partial pad gene sequences. 
 
4.3.3   Sequence and phylogenetic analyses 
 Among the group of O. oeni strains investigated in this study, four representative 
strains from each type of wine were selected for comparative analysis of gene sequences. 
PCR fragments of the corresponding genes were sequenced, and the newly determined 
nucleotide sequences were compared with each other. The gene sequences of O. oeni 
IWBT B040 were used to search for sequence similarity with database sequences. Table 
4.5 shows the percentage identity of gene sequences between IWBT B040 strain and 
other O. oeni strains published in GenBank database. From the percentage identities 
indicated in the table, it is clear that IWBT B040 is genetically similar (98–100% identity) to 
three other O. oeni strains published in GenBank database. 
 
 The construction of phylogenetic trees was inferred by using the neighbour-joining 
method that uses the distance matrix approach. In order to asses the confidence of 
phylogenetic relationships, 1000 replicates were conducted. The phylogenetic analyses 
performed were based on nucleotide sequences of the four randomly selected genes as 
examples: alsS, estA, metK and mleA (Figure 4.2). In the phylogenetic analysis of the four 
latter genes, it was worth noting that the representative O. oeni strains clustered together 
with other O. oeni strains whose gene sequences were extracted from GenBank database. 
Phylogenetic relationships were also studied by comparing the newly determined 
sequences with those of closely related species belonging to Leuconostoc. The analysis of 
phylogenies revealed that O. oeni strains are distinct from Leuconostoc species.  
 
4.3.4  Nucleotide sequences 
 The nucleotide sequences of alsD, alsS, metK, metC, metB, gshR, estA, prtP and 
maeP genes (complete open reading frames) from O. oeni IWBT B040 strain will be 
deposited in GenBank/EMBL/DDBJ databases. Accession numbers will be assigned to 
individual genes once the nucleotides sequences have been deposited to the databases. 
4.4   DISCUSSION 
One of the most important mechanisms by which malolactic bacteria, more specifically 
O. oeni, contribute to changes in wine organoleptic quality is by producing a wide range of 
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enzymatic activities capable of degrading precursor components present in wine during 
fermentation. The presence of genes encoding some of these enzymes has been reported 
by several authors (Mills et al. 2005; Araque et al. 2009; Borneman et al. 2010; Knoll et al. 
2011). Using a PCR detection approach, we have also shown that a population of O. oeni 
strains originating from South African wines possess a wide range of genes encoding 
enzymes of oenological relevance. 
 
 A -glucosidase gene in O. oeni strains tested in this study was detected using 
degenerated primers deduced from nucleotide sequences of O. oeni PSU-1 (locus_tag: 
OEOE_1569) and Leuc. mesenteroides subsp. mesenteroides ATCC 8293 (locus_tag: 
LEUM_0875). Previously, Spano et al. (2005) also detected a -glucosidase gene in 
O. oeni strain using the primers deduced from the nucleotide sequences of a putative 
-glucosidase gene previously identified on Lactobacillus plantarum WCFS1 (accession 
no. AL935262). However, when these primers were tried in this study, none of the tested 
strains yielded a signal. An in silico analysis of O. oeni PSU-1 (accession no. CP000411), 
ATCC BAA-1163 (AAUV00000000) and AWRI B429 (ACSE00000000) genomes also 
revealed that these strains do not possess the O. oeni -glucosidase gene identified by 
Spano et al. (2005). Recently, Borneman et al. (2010) reported that, in comparison to 
PSU-1 and ATCC BAA-1163 genomes, the AWRI B429 strain appears to have numerous 
additional DNA sequences including two genes encoding glycosyl hydrolases, which might 
play a role in releasing desirable flavour precursors from glycosylated components present 
in the grape juice (Sarry and Gunata 2004). The presence of the bgl gene in a wine-
originated strain of O. oeni (ATCC BAA-1163) has also been reported by Michlmayr et al. 
(2010). 
 
 In relation to the presence of arc genes (arcA, arcB and arcC) encoding arginine 
deiminase (ADI) pathway enzymes, the majority of the tested O. oeni strains presented 
these genes, albeit arcB and arcC genes were not detected in some strains. Other strains 
of O. oeni have previously been shown to also possess the arc genes related to the 
metabolism of arginine (Tonon et al. 2001; Dong et al. 2002; Divol et al. 2003; Araque et 
al. 2009), which is one of the major amino acids present in wine (Liu 2002). It has also 
been reported that the presence of arc genes and the ability to degrade arginine is strain-
dependent (Divol et al. 2003; Araque et al. 2009). According to Tonon et al. (2001), the arc 
cluster (i.e. arcABC) is organised in an operon structure with the promoter regions found 
upstream arcA and arcC, but not arcB. However, some strains may have an additional 
arcA gene of slightly different sequence. In addition, Araque et al. (2009) also found a 
correlation between the presence of only the arcA gene and the accumulation of citrulline 
in the medium, suggesting that the strains not possessing the other two genes (arcB and 
arcC) have the genetic potential to spoil wines by forming ethyl carbamate. The latter 
compound is usually formed in a non-enzymatic reaction when citrulline, or carbamyl 




 The absence of the pad gene encoding a phenolic acid decarboxylase in O. oeni 
strains was recently demonstrated by De las Rivas et al. (2009). These authors developed 
a PCR assay using degenerated oligonucleotides to test O. oeni strains for the pad gene. 
From the PCR detection assays, none of the tested strains yielded the expected PCR 
product. However, this study has demonstrated the existence of the pad gene in two 
O. oeni strains (out of 27 strains tested) of South African wine origin (IWBT B055 and 
IWBT B056). From our knowledge, this study is the first to report on the presence of a 
putative (novel) pad gene in oenological O. oeni strains. Sequence verification was also 
performed, and the comparative sequence analysis revealed that the pad gene from the 
two strains shares 74–80% identity to other closely related species of the genera 
Lactobacillus and Pediococcus. No identity was recorded with database O. oeni strains 
(PSU-1, ATCC BAA-1163 and AWRI B429). These findings could suggest that the pad 
gene in IWBT B055 and IWBT B056 might have been acquired via the horizontal gene 
transfer from another genus or species. Its presence in only two strains also reinforces the 
idea that this gene is not essential for O. oeni survival. 
 
 Among the strains that possessed all the genes tested for, with the exception of the 
pad gene, one strain (IWBT B040) was selected for sequence verification. The nucleotide 
sequences of the corresponding genes were also compared against DNA sequences of 
other O. oeni strains published in GenBank (Table 4.5). Comparative analysis of gene 
sequences indicated that there is a high level of genetic similarity between IWBT B040 
and other strains of O. oeni. These results were also correlated with the phylogenetic 
relationships between O. oeni strains and other closest relatives (Fig. 4.2). The 
phylogenetic analysis revealed that O. oeni strains cluster together, but distinct from 
closely related species of the genus Leuconostoc. 
 
 In summary, this work has reported on the presence of genes encoding enzymes of 
oenological relevance in O. oeni strains of South African wine origin. Using a PCR-based 
detection method, we demonstrated that O. oeni strains possess a vast array of enzyme-
encoding genes related to winemaking. In addition, a putative pad gene encoding phenolic 
acid decarboxylase was also detected in two O. oeni strains, and to our knowledge, this is 
the first study to report on the presence of this gene in O. oeni. However, it remains to be 
further determined if the two strains could potentially produce volatile phenols in wine. 
Altogether, this study should be followed by expression and enzymatic studies in order to 
assess whether the genetic potential translates to functional enzymatic activity, particularly 
with regards to aroma production under oenological conditions. In addition, the follow-up 
studies should also confirm if the high identity values observed among gene sequences of 
certain O. oeni strains translates to similarities in enzymatic activities. 
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Table 4.1 Oenococcus oeni strains investigated in this study 
 
Strain namesa Origin 
IWBT B021, IWBT B022, IWBT B030, IWBT 
B040, IWBT B041, IWBT B037, IWBT B035,      
IWBT B038, IWBT B036 
Isolated from red grape and wine samples in 
wineries from the Western Cape region, South 
Africa (Krieling 2003) 
IWBT B017, IWBT B018, IWBT B016, IWBT 
B013, IWBT B014, IWBT B011, IWBT B027,      
IWBT B023, IWBT B024, IWBT B026, IWBT 
B053, IWBT B055, IWBT B056, IWBT B054,      
IWBT B050 
Isolated from brandy base wines (Du Plessis 
et al. 2004) 
NCDO 1894 Isolated from Italian wineb 
NCDO 2122 Isolated from Japanese wineb 
DSMZ 20252T Isolated from French wineb 
 
a Culture collections: IWBT, Institute for Wine Biotechnology, Stellenbosch University, South Africa; 
NCDO, National Collection of Dairy Organisms, UK; DSMZ, Deutsche Sammlung von 
Mikroorganismen und Zellkulturen, Germany. 
 





Table 4.2 A list of primers used in this study 
 
Gene Description Primer sequence (5′→3′)a Reference 
mleA Malolactic enzyme F-GTTGAATTYATGCCAATYGTKTATGA 
R-GCTTTWGCTTCKGCTAAYTTDGTTGG 
This work 
bgl -Glucosidase-related glycosidase F-GAAAAAGCNGAWCTDGTWTCBGGNAAAGAT 
R-CCAGGCATTTCBAARTCYADACCDGCTTT 
This work 
estA Predicted esterase F-ATGGCATTTTTAGAAGTTAATTATTATTCACG 
R-CTATGACAAACGTTTTTCTGCTTGATAATT 
This work 
prtP Serine protease F-GTGACTGAAGAACAAGACCAAGGAAAAAC 
R-TTATTGTTTCAAAGTTTCAGTCATCTTAACCTT 
This work 
pad Phenolic acid decarboxylase F-AARAAYGAYCAYACYRTTGATTACC 
R-TTCTTCWACCCAYTTHGGGAAGAA 
Mtshali et al. 2010 
citD Citrate lyase -subunit F-ATGGAAATTAARAMAACKGCAKTMGC 
R-GCYGCYGTAATRGTYGKYGCYTTWAT 
Mtshali et al. 2010 
citE Citrate lyase -subunit F-TTACGBCGSACRATGATGTTTGT 
R-TATTTTTCAATGTAATTDCCCTCC 
Mtshali et al. 2010 
citF Citrate lyase -subunit F-ATGGYATGACRATTTCWTTYCAYCAYCA 
R-ATCAATVAHBSWRCCRTCRCGRTAYTC 
Mtshali et al. 2010 
maeP Putative citrate transporter F-ATGGGTGTTTTTTGGACATCG 
R-TCAAATAAAGTTGATGATACTCATTA 
This work 
alsD -Acetolactate decarboxylase F-ATGAAAGATTTAACAAAAGCTTATC 
R-TTATTCTGTCTTTTCAATCGCTT 
This work 
alsS -Acetolactate synthase F-ATGACAGAAAAGAAACGTTTTGGG 
R-TTAATCCATATCTCCTTCGATCAATTC 
This work 
metK S-adenosylmethionine synthase F-ATGAAAAAGTTTTTTACGAGTGAGTCGG 
R-TTAATTTGCCAAAAGAGCTTTAATTTTTTC 
This work 
metC Cystathionine -lyase F-ATGACAGAATCCGATTGG 
R-TTAATCCTCCAATGC 
This work 
metB Cystathionine -lyase F-ATGAAATTCAATACAAAACTTATTCATG 
R-CTAAATCTTGCTGAATGAC 
This work 
gshR Glutathione reductase F-ATGAAAAACCAGCAATATG 
R-TTACAATTGGCCGGCTG 
This work 
arcA Arginine deiminase F-CAYGCNATGATGCAYYTNGAYACNGT 
R-GTRTTNSWNCCRTCRTTCCAYTGYTC 
Araque et al. 2009 
arcB Ornithine transcarbamylase F-ATGCAYTGYYTNCCNGCNTTYCAYGA 
R-CCNARNGTNGCNGCCATDATNGCYTT 
Araque et al. 2009 
arcC Carbamate kinase F-CAYGGNAAYGGNCCNCARGTNGGNAA 
R-CKNCKNYANCCNCKNCCNGCRTCYTC 
Araque et al. 2009 
 




Table 4.3 PCR thermocycling conditions 
 
Gene Size (bp) Initial denaturing Cycles Denaturing Annealing Extension 
Final 
extension 
mleA 989 94 C, 3 min 35 94 C, 30 s 54 C, 1 min 72 C, 1 min 72 C, 10 min 
bgl 704 94 C, 5 min 30 94 C, 1 min 53 C, 45 s 72 C, 1 min 72 C, 10 min 
estA 804 94 C, 5 min 35 94 C, 1 min 50 C, 1 min 72 C, 1 min 72 C, 10 min 
prtP 1278 94 C, 5 min 35 94 C, 1 min 52 C, 1 min 72 C, 1 min 72 C, 10 min 
pad 210 94 C, 2 min 35 94 C, 40 s 50 C, 1 min 72 C, 30 s 72 C, 5 min 
citD 245 94 C, 3 min 35 94 C, 45 s 54 C, 30 s 72 C, 1 min 72 C, 5 min 
citE 897 94 C, 3 min 35 94 C, 30 s 54 C, 1 min 72 C, 1 min 72 C, 10 min 
citF 1331 94 C, 5 min 35 94 C, 1 min 49 C, 45 s 72 C, 1 min 72 C, 10 min 
maeP 984 94 C, 5 min 35 94 C, 1 min 49 C, 45 s 72 C, 1 min 72 C, 10 min 
alsD 717 94 C, 5 min 35 94 C, 1 min 49 C, 45 s 72 C, 1 min 72 C, 10 min 
alsS 1683 94 C, 5 min 35 94 C, 1 min 49 C, 45 s 72 C, 1 min 72 C, 10 min 
metK 1167 94 C, 2 min 30 94 C, 1 min 48 C, 1 min 72 C, 1 min 72 C, 5 min 
metC 1134 94 C, 2 min 30 94 C, 1 min 45 C, 1 min 72 C, 1 min 72 C, 5 min 
metB 1137 94 C, 2 min 30 94 C, 1 min 46 C, 1 min 72 C, 1 min 72 C, 5 min 
gshR 1332 94 C, 2 min 30 94 C, 1 min 50 C, 1 min 72 C, 1 min 72 C, 5 min 
arcA 266 94 C, 5 min 30 94 C, 1 min 55 C, 45 s 72 C, 1 min 72 C, 10 min 
arcB 181 94 C, 5 min 30 94 C, 1 min 49 C, 45 s 72 C, 1 min 72 C, 10 min 




Table 4.4 Results of PCR detection of different enzyme-encoding genes in a population of 
O. oeni strains 
 
 Oenococcus oeni strainsa 
Target gene IWBT (24 isolates) NCDO 1894 NCDO 2122 DSMZ 20252T 
mleA 24b 1 1 1 
bgl 24 1 1 1 
estA 24 1 1 1 
prtP 24 1 1 1 
pad 2 0 0 0 
citD 24 1 1 1 
citE 24 1 1 1 
citF 24 1 1 1 
maeP 24 1 1 1 
alsD 24 1 1 1 
alsS 24 1 1 1 
metK 24 1 1 1 
metC 24 1 1 1 
metB 24 1 1 1 
gshR 24 1 1 1 
arcA 24 1 1 1 
arcB 20 1 1 1 
arcC 20 1 1 1 
 
a Refer to Table 1 for full names of culture collections. 





Table 4.5 Identities found between DNA sequences of O. oeni IWBT B040 against those 
of other published O. oeni genomes 
 
 % identity of O. oeni IWBT B040 gene sequences with those of 
Target gene O. oeni PSU-1 O. oeni ATCC BAA-1163 O. oeni AWRI B429 
mleA 100%a (YP_811084b) 100% (ZP_01544753) 99.9% (ZP_06554202) 
bgl 99.7% (YP_811088) 99.4% (ZP_01543735) 99.8% (ZP_06554209) 
estA 100% (YP_810319) 100% (ZP_01544534) 100% (ZP_06553286) 
prtP 99.8% (YP_809767) 99.7% (ZP_01544672) 99.8% (ZP_06552695) 
citD 100% (YP_810045) 98.5% (ZP_01544956) 100% (ZP_06552988) 
citE 100% (YP_810046) 99.5% (ZP_01544955) 100% (ZP_06552989) 
citF 99.9% (YP_810047) 99.8% (ZP_01544954) 100% (ZP_06552990) 
maeP 100% (YP_810043) 98.1% (ZP_01544957) 100% (ZP_06552986) 
alsD 100% (YP_811215) 99.9% (ZP_01544232) 100% (ZP_06554349) 
alsS 99.9% (YP_811214) 99.8% (ZP_01544231) 99.9% (ZP_06554348) 
metK 100% (YP_810424) 99.8% (ZP_01543877) 100% (ZP_06553415) 
metB 99.6% (YP_811264) 99.6% (ZP_01544504) 99.5% (ZP_06554409) 
metC 100% (YP_810358) 99.7% (ZP_01544503) 100% (ZP_06553338) 
gshR 100% (YP_810750) 99.9% (ZP_01543773) 100% (ZP_06553795) 
arcA 99.6% (YP_810682) 99.2% (ZP_01544331) 99.6% (ZP_06553717) 
arcB Nonec None 100% (ZP_06554043) 
arcC None None 100% (ZP_06554042) 
 
a Percentage identity. 
b GenBank accession number. 





O. oeni IWBT B056  AAGAACG-ATCACACCGTTGATTATC-GAATTCATGGTGGGATGGTCGCAGGTCGTTGGGTAAAGGATCAGCAGGCTGAC 78   
Lb. plantarum      AAGAACG-ACCACACCGTTGATTACC-GAATCCACGGTGGGATGGTTGCCGGTCGTTGGGTCACTGATCAAAAAGCTGAC 78   
Lb. crispatus      AAGAACGGACCACACCGTTGATTACC-GAATCCACGGTGGGATGGTTGCCGGTCGTTGGGTCACTGATCAAAAAGCTGAC 79   
Lb. hilgardii      AAGAATG-ACCACACCGTTGATTACCAGAATCCATGGTGGCATGGTCGCTGGGCGGTGGGTTACTGACCAAGCAGCCAAC 79   
Lb. sakei 23K      AAAAACG-ACCATACCGTTGACTACC-GTATCCATGGTGGGATGGTTGCAGGGCGTTGGGTTCGCGATCAAGAAGCCAAT 78 
Pd. pentosaceus    AAAAATG-ATCATACTGTTGATTATC-GAATTCATGGTGGAATGGTTGCTGGTCGTTGGGTAAAAGACCAAGAAGCTCAT 78   
Lc. lactis         AAAAACG-ACCATACCATTGATTACC-GTATCCATGGCGGAATGGTCGCTGGCCGCTGGGTCAAAGACCAAGAAGTTTCA 78   
                   ** ** * * ** **  * ** ** * * ** ** ** ** ***** ** ** ** *****    ** **    *         
 
O. oeni IWBT B056  ATCGTGATGTTAGTGCCAGGCGTTTACAAAGTCACCTGGACGGAGCCAACCGGGACTGATGTGGCGTTGGACTTTATGCC 158  
Lb. plantarum      ATCGTCATGTTGACCGAAGGCATTTACAAAATTTCTTGGACTGAACCAACTGGGACTGACGTTGCACTAGACTTCATGCC 158  
Lb. crispatus      ATCGTCATGTTGACCGAAGGCATTTACAAAATTTCTTGGACTGAACCAACTGGGACTGACGTTGCACTAGACTTCATGCC 159  
Lb. hilgardii      ATTGTGATGCTGGTTCCCGGCATCTACAAAGTTGCCTGGACAGAACCAACGGGAACCGACGTTGCGCTTGATTTCGTTCC 159  
Lb. sakei 23K      ATTGTTAAACTAACGGACGGTGTCTTCAAGATTACTTGGACTGAACCAACTGGGACAGATGTTGCTTTGGACTTCATGCC 158  
Pd. pentosaceus    ATCGCTATGTTAACGGAAGGTATTTACAAAGTAGCTTGGACTGAACCAACTGGTACTGATGTAGCCTTGGACTTTGTTCC 158  
Lc. lactis         TTAGTGATGTTAACCGAAGGGATTTATAAAATTACATGGACAGAACCTACTGGTACTGATGTTGCCTTAGATTTTCTTCC 158  
                    * *  *   *       **  * *  **  *  * ***** ** ** ** ** ** ** ** **  * ** **  * **   
 
O. oeni IWBT B056  AAATGATAATAAAATGCACGGGACGATTTTCTTCCCTAAATGGGTTGAAGAA 210  
Lb. plantarum      CAATGAGAAGAAACTACACGGTACGATTTTCTTCCCAAAGTGGGTTGAAGAA 210  
Lb. crispatus      CAATGAGAAGAAACTACACGGTACGATTTTCTTCCCAAAGTGGGTTGAAGAA 211  
Lb. hilgardii      CAACGAAAAGAAGCTAAACGGTACCATCTTCTTCCCTAAGTGGGTTGAAGAA 211  
Lb. sakei 23K      TAACGAAAACAAGTTACACGGTACAATCTTCTTCCCTAAATGGGTTGAAGAA 210  
Pd. pentosaceus    TAATGAAAAGAAATTAAATGGAACAATTTTCTTCCCTAAGTGGGTTGAAGAA 210  
Lc. lactis         AAATGAAGGAAAATTACATGGCATGATTTTCTTCCCGAAATGGGTAGAAGAA 210  
                    ** **    **  *  * ** *  ** ******** ** ***** ******  
 
 
Figure 4.1. Multiple nucleotide sequence alignment of a partial phenolic acid decarboxylase (pad) 
gene of Oenococcus oeni IWBT B056 strain with related sequences of other bacterial strains 
extracted from GenBank databank: Lactobacillus plantarum (GenBank accession no. AF257163), 
Lactobacillus crispatus (AF257159), Lactobacillus hilgardii (AF257158), Lactobacillus sakei 23K 
(CR936503) Pediococcus pentosaceus ATCC 25745 (CP000422) and Lactococcus lactis IL1403 
(AE005176). Due to high similarity (>99% identity) between the pad gene sequences of O. oeni 
IWBT B055 and IWBT B056, only one strain was considered in the alignment. The asterisks 






Figure 4.2. Phylogenetic trees showing the relationship between Oenococcus oeni strains and the closest relatives (GenBank accession 
numbers in parentheses) based on the nucleotide sequences of the (a) alsS (1508 nt), (b) estA (781 nt), (c) metK (1085 nt) and (d) mleA (914 
nt) genes. Numbers at branching points represent the results of bootstrap analyses (expressed as percentages of 1000 replicates) using the 
neighbour-joining method. The scale bar represents the number of base substitutions per site. 
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Expression analysis of Oenococcus oeni malolactic enzyme gene under 
oenological conditions 
 
P.S. Mtshali, B.T. Divol and M. du Toit 
 





Aims: To investigate the effect of combined pH and ethanol on the expression of the 
malolactic enzyme-encoding gene of Oenococcus oeni under winemaking conditions using 
quantitative real-time PCR (qPCR). 
 
Methods and Results: Three strains of O. oeni (IWBT B026, IWBT B053 and Lalvin 
VP41) were tested in a wine-like medium in order to evaluate the transcriptional response 
of the mleA gene under the conditions of combined pH and ethanol. In all the three strains, 
the mleA gene expression appeared to be negatively affected by high ethanol content in 
the medium, while low pH seemed to have an enhancing effect towards the expression of 
the mleA gene. 
 
Conclusion: The data obtained in this study showed that, although low pH levels may 
inhibit the growth of wine LAB, however this condition has a positive impact towards the 
transcriptional response of the mleA gene. 
 
Significance and Impact of the Study: Understanding the regulation of the mleA gene 
under different winemaking conditions will help select the best adapted strains capable of 
conducting malolactic fermentation to completion. 
 
Keywords: Oenococcus oeni, malolactic fermentation, real-time PCR, mleA gene 
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5.1  INTRODUCTION 
Oenococcus oeni is the main species of lactic acid bacteria (LAB) most commonly 
associated with wine during malolactic fermentation (MLF). This secondary fermentation 
process usually occurs after alcoholic fermentation by yeasts, although it may also occur 
during alcoholic fermentation. MLF brings about wine microbial stability and also enhances 
the organoleptic quality of the final product through the modification of aroma-active 
compounds (Kunkee 1991; Lonvaud-Funel 1999; Lerm et al. 2010). The other well-known 
effect of MLF is to reduce wine acidity via the conversion of a dicarboxylic acid (L-malate) 
into a monocarboxylic L-lactate and CO2. The latter reaction is catalysed by the malate 
decaboxylase enzyme, encoded by the mleA gene, in the presence of NAD+ and Mn+2 as 
co-factors (Bartowsky 2005). 
 
 The genetic locus involved in L-malic acid conversion (mle) has been identified in 
O. oeni and other LAB (Denayrolles et al. 1994; Labarre et al. 1996a). The three genes for 
the malolactic enzyme (mleA), malate permease (mleP) and regulatory protein (mleR) 
have been cloned and sequenced. These genes are present in a cluster with the mleA and 
mleP in a single operon, and the mleR transcribed in the opposite direction (Labarre et al. 
1996a, b). MleR is a LysR-type regulatory protein and its involvement in the expression of 
mleAP remains unclear; no induction or repression of the malolactic enzyme was detected 
in the presence of L-malate (Labarre et al. 1996b). 
 
 During fermentation, the wine bacterium O. oeni has to cope with harsh physico-
chemical conditions prevalent in wine, such as nutrient depletion, low pH, high ethanol 
content and the presence of SO2 (Drici-Cachon et al. 1996; Davis et al. 1988). In such 
instances, O. oeni needs to develop various response mechanisms in order to adapt to 
these stress factors. One of the mechanisms involved in the adaptation of O. oeni to 
ethanol stress is by adjusting the membrane fluidity (Silveira et al. 2003). Previously, the 
effect of ethanol in O. oeni cells was investigated, and was shown to exert a disordering 
effect on the cytoplasmic membrane of O. oeni cells (Silveira et al. 2002) and also to 
trigger alterations in protein patterns of cells (Silveira et al. 2004). In addition, the low pH 
of the fermentation medium also impacts negatively towards the growth of O. oeni. The 
optimum pH reported for O. oeni growth is between 4.3 and 4.8 (Britz and Tracey 1990). 
Although the effect of ethanol on the cell membrane is well documented (Barry and 
Gawrisch 1994; Silveira et al. 2002), little work has been carried out to elucidate the 
combined effects of ethanol and pH on the viability of O. oeni. 
 
 The aim of this study was to evaluate the expression patterns of the mleA gene in 
three oenological strains of O. oeni using quantitative real-time PCR (qPCR). These 
strains were tested in a wine-like medium to evaluate the combined effect of ethanol and 
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pH on the expression of the mleA gene under the extreme conditions (i.e. high/low pH and 
ethanol) prevalent in wine.  
5.2  MATERIALS AND METHODS 
5.2.1   Oenococcus oeni strains 
 Three strains were chosen for the expression analysis of the mleA gene: one 
commercial strain (Lalvin VP41; Lallemand, Toulouse, France) and two natural O. oeni 
wine strains (IWBT B026 and IWBT B053; Du Plessis et al. 2004) from the culture 
collection of the Institute for Wine Biotechnology (Stellenbosch University, South Africa). 
 
5.2.2   Culture conditions 
 Oenococcus oeni strains were cultured for four days at 30C in MRS medium (BIOLAB 
Diagnostics, Wadeville, South Africa) supplemented with 20% (v/v) apple juice at pH 5.2. 
Cells were transferred into the adaptation medium (MRS 50 g l-1, fructose 40 g l-1, glucose 
20 g l-1, L-malate 4 g l-1 and Tween 80 1 g l-1) at pH 4.6 and ethanol 6% (v/v) prior to 
inoculation into the modified FT80 medium, as described by Beltramo et al. (2006), to a 
final concentration of 107 CFU ml-1. Fermentations were incubated at 20C under the 
combination of pH and ethanol parameters. Fermentation conditions are shown in Figure 
5.1. All fermentations were carried out in triplicate. To monitor the progress of MLF, 
samples were taken at regular intervals to measure the concentration of L-malic acid using 
an enzyme-based kit (Roche Diagnostics GmbH, Mannheim, Germany) and to determine 
the viable cell count by plating out serially-diluted samples on MRS agar plates added with 
20% apple juice (pH adjusted to 5.2 with HCl). 
 
5.2.3   RNA extraction 
 Cells were harvested by centrifugation and the total RNA extraction was performed 
using the method modified from Hoffman and Winston (1987). Briefly, after performing the 
chloroform extraction step, the nucleic acid was precipitated at –20C for 30 min prior to 
centrifugation at 12,000 rpm for 10 min. The washed pellet was left to dry and then 
resuspended in DEPC-treated water. All RNA samples were treated with RNase-free 
DNAse (Roche Diagnostics). RNA concentrations were determined spectrophotometrically 
using a NanoDrop ND-1000 (NanoDrop Technologies Inc., Wilmington, USA). 
 
5.2.4   Real-time PCR experiments 
 cDNA was synthesised  from 2 g of RNA in a total volume of 25 l using the 
Improm-II Reverse Transcriptase kit (Promega, Madison, USA) as recommended by the 
manufacturer. cDNA was amplified by real-time PCR with the mleA gene primers 
described previously (Beltramo et al. 2006). The primers 16S-qPCR1 (5′-CCT CGG GAT 
TTC ACA TCA GAC T-3′) and 16S-qPCR2 (5′-CCA GCA GCC GCG GTA AT-3′) targeting 
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O. oeni 16S rRNA gene, used as an internal control, were designed with the Primer 
Express 3.0 software (Applied Biosystems, Johannesburg, South Africa) by applying the 
default parameters. PCR efficiencies were determined by running a standard curve with 
serial dilutions of cDNA. 
 
 After 50X dilution, 1 l of cDNA was added to a 20-l real-time PCR mix containing 
0.2 l of each primer at 1 M, 8.4 l of RNAse-free water and 10.2 l of KAPA SYBR® 
FAST Universal 2X qPCR Master Mix (Kapa Biosystems, Cape Town, South Africa). 
Amplifications were performed using a Real Time PCR System 7500 (Applied Biosystems) 
with the thermal cycling conditions designated as described by Beltramo et al. (2006). In 
each run, a negative control was included. For each measurement, the threshold value 
was automatically recorded by the instrument during each annealing step. The results 
were calculated using the comparative critical threshold (2-ΔΔCT) method as described 
previously (Livak and Schmittgen 2001). The results were normalised with the 16S rRNA 
gene and are expressed as averages of three independent determinations. 
 
5.2.5   Determination of the mleA gene sequences 
 The full mleA gene sequences of the two O. oeni strains (VP41 and IWBT B026) were 
determined by sequencing. DNA was subjected to PCR with the primers mleOE-F (5′-ATG 
ACA GAT CCA GTA AGT ATT TTA AAT GA-3′) and mleOE-R (5′-TTA GTA TTT CGG 
CTC CCA CCT-3′) deduced from the nucleotide sequences of the mleA gene from O. oeni 
PSU-1 (accession no. YP_811084) and ATCC BAA-1163 (accession no. ZP_01544753). 
PCR mixture (50 l) contained 50 ng DNA, 0.6 M of each primer, 250 M of dNTP mix, 
1X Ex Taq buffer and 1.25 units of TaKaRa Ex Taq DNA polymerase (Southern Cross 
Biotechnology, Cape Town, South Africa). The reaction conditions were 94C for 5 min, 
followed by 35 cycles of 94C for 1 min, 49C for 45 s and 72C for 1 min. The final 
extension step was carried out at 72C for 10 min. PCR amplifications were analyzed by 
gel electrophoresis in 1% (w/v) agarose gel stained with ethidium bromide (0.5 g ml-1). 
  
 PCR-generated fragments were purified with QIAquick PCR Purification kit (Southern 
Cross Biotechnology) and cloned into pGEM-T Easy vector (Promega) following the 
instructions by the manufacturer. Escherichia coli DH5 cells grown in Luria-Bertani 
medium (LB; BIOLAB Diagnostics) supplemented with 100 g ml-1 of ampicillin were used 
as the host for cloning procedures. Sequencing of the positive clones was performed by 
the Central DNA Sequencing Facility of Stellenbosch University, South Africa. The 
nucleotide sequences of the full mleA gene from VP41 and IWBT B026 will be submitted 





5.3   RESULTS AND DISCUSSION 
5.3.1   Sequencing of mleA genes 
 The mleA genes of two O. oeni strains (IWBT B026 and VP41) tested in this study 
were amplified using the primers targeting the full mleA gene and subsequently cloned into 
the vector prior to sequencing. The obtained nucleotide gene sequences were aligned and 
compared to other DNA sequences of O. oeni strains published in GenBank database. 
The mleA sequence of IWBT B026 strain showed 99% identity to that of O. oeni PSU-1 
(accession no. YP_811084), ATCC BAA-1163 (ZP_01544753) and AWRI B429 
(ZP_06554202). On the other hand, the mleA nucleotide sequence of the commercial 
strain VP41 that we determined was 100% identical to that of AWRI B429, which is also 
VP41, and 99% identical to PSU-1 and ATCC BAA-1163. 
 
5.3.2   Monitoring the evolution of MLF 
 The progress of MLF was monitored by measuring the concentration of L-malic acid 
from samples taken at regular intervals throughout the fermentation. MLF performance 
differed between the strains and under different fermentation conditions. In the absence of 
ethanol (at pH 3.2 and pH 3.8), all three strains (IWBT B026, IWBT B053 and VP41) 
finished MLF by day six (Figure 5.2). At 12% v/v ethanol, MLF was completed at day nine 
for IWBT B026 and VP41, and at day 13 for strain IWBT B053. At pH 3.8 and 15% v/v 
ethanol, the consumption of L-malic acid was poor for strains IWBT B053 and VP41 
compared to IWBT B026; the latter strain completed MLF at day nine under this condition. 
However, at pH 3.2 in the presence of 15% v/v ethanol, IWBT B026 finished fermentation 
after day 20. 
 
 Apart from following the degradation patterns of L-malic acid, MLF was also monitored 
by performing the viable cell counts. It was observed from the cell numbers that the growth 
of bacterial cells was favoured in the absence of ethanol and at higher pH (i.e. pH 3.8). At 
12% v/v ethanol, there was no significant loss of cell viability; the cell numbers remained 
above 106 CFU ml-1 until MLF was complete (data not shown). On the other hand, an 
increase in ethanol concentration retarded the proliferation of bacterial cells, and this was 
the case for the ethanol parameter of 15% v/v. Nevertheless, strain IWBT B026 seemed to 
be little affected by high ethanol content compared to IWBT B053 and VP41 (Figure 5.3). 
 
5.3.3   Expression analysis of the mleA gene 
 The combined effect of pH and ethanol on mleA gene expression in O. oeni strains 
IWBT B026, IWBT B053 and VP41 was investigated using quantitative real-time PCR. The 
fermentation conditions included pH 3.2 and pH 3.8, as well as 0, 12 and 15% v/v ethanol. 
Comparisons of the relative expression of mleA were made between the strains under 




 Figure 5.4 shows the comparisons of the relative expression of the mleA gene of the 
two natural strains of O. oeni (IWBT B026 and IWBT B053) at day 2 and day 6 of MLF. 
Fifteen percent ethanol at pH 3.2 and pH 3.8 was used as the reference condition. At pH 
3.2 (in both days), the mleA expression of IWBT B053 was significantly higher than that of 
IWBT B026 strain. At day 2 (pH 3.8), the expression of the mleA gene appeared to be 
lower for both strains in comparison to day 6. In addition, mleA gene expression was 
favoured at pH 3.2 than at pH 3.8 in day 2. The same trend was also seen in day 6, 
although the differences in relative expression between pH 3.2 and pH 3.8 were less 
pronounced. 
 
 Relative expression between the middle and the end of MLF was also compared using 
pH 3.2 and pH 3.8 with 15% v/v ethanol as the reference condition. At pH 3.2 in the middle 
of MLF (Figure 5.5A), the expression of mleA gene of IWBT B053 strain was higher than 
that of the other two strains (IWBT B026 and VP41). However, at pH 3.8, there were no 
differences observed in mleA gene expression between the strains (Figure 5.5B). 
 
 At the end of MLF, there was different mleA expression patterns observed between all 
the strains tested. The relative expression of the mleA gene of IWBT B053 remained 
higher under various fermentation conditions tested (Figure 5.6A, B). It was also noted 
that, at pH 3.2 with 12% v/v ethanol, mleA gene expression was higher for IWBT B053 
compared to pH 3.8 with 12% v/v ethanol. 
 
 In summary, the results presented in this study have shown the differential expression 
patterns of the mleA gene of three O. oeni strains under various fermentation conditions 
simulating those of winemaking. From the results, it was demonstrated that the relative 
expression of the mleA gene is mostly favoured at low pH (i.e. pH 3.2) in comparison to 
pH 3.8. This is in accordance with the findings of Beltramo et al. (2006) who observed the 
enhancing effect of low pH towards the mleA gene expression when the tested strain was 
grown in a synthetic medium simulating wine-like conditions. In addition, the differences in 
the expression of the mleA gene were also reported previously (Beltramo et al., 2006; 
Olguín et al., 2010). On the other hand, high ethanol concentration of 15% v/v appeared to 
impact negatively on gene expression as the mleA gene relative expression was lower in 
this condition. 
 
 Generally, the presence of ethanol in combination with low pH are known to impact 
negatively towards the growth of malolactic bacteria, and the bacterial cells undergo a 
rapid death if exposed to these adverse conditions (G-Alegría et al. 2004). The optimum 
pH reported for the growth of O. oeni is above 4.0, and the acidic conditions result to the 
inhibition of bacterial growth (Britz and Tracey 1990). However, moderate levels of ethanol 
(10% v/v) may have a stimulatory effect on bacterial growth (G-Alegría et al. 2004) but not 
on the expression of the mleA gene. The findings from this study have clearly indicated 
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that the expression of the mleA gene is negatively affected by high ethanol content. In 
addition, the pH of 3.2 appeared to enhance gene expression in comparison to a less 
acidic pH condition of 3.8. 
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Figure 5.1. Experimental layout showing different conditions under which malolactic fermentation 
was performed. All fermentations, conducted with three Oenococcus oeni strains (IWBT B026, 
IWBT B053 and Lalvin VP41), were performed in triplicate for each parameter. 
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Figure 5.2. Evolution of L-malic acid consumption during MLF by Oenococcus oeni strains IWBT 
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Figure 5.3. The bacterial cells numbers (CFU ml-1) for Oenococcus oeni strains IWBT B026, IWBT 
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Figure 5.4. Comparison of the relative expression of the mleA gene at day 2 (A) and day 6 (B) for 
O. oeni strains IWBT B026 and IWBT B053. Ethanol of 15% v/v and pH 3.2 or pH 3.8 were used 
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Figure 5.5. Relative expression of the mleA gene in a wine-like medium in the middle of MLF for 
pH 3.2 (A) and pH 3.8 (B) in the presence of different ethanol concentrations. The growth at 15% 
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Figure 5.6. Relative expression of the mleA gene in a wine-like medium at the end of MLF for pH 
3.2 (A) and pH 3.8 (B) in the presence of different ethanol concentrations. The growth at 15% v/v 
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Fifteen isolates of lactic acid bacteria originating from South African grape and wine 
samples were identified as Leuconostoc mesenteroides subsp. mesenteroides through the 
taxonomic analysis of their 16S rDNA gene sequences. These isolates were further tested 
for the presence of genes coding for enzymes of oenological relevance using PCR 
detection technique. A type strain of L. mesenteroides (NCDO 529T) was also incorporated 
for comparative analysis. From the PCR detection results, the estA, prtP, alsD, alsS, metK, 
metC and metB genes were present in all the strains tested. The bgl and gshR genes 
encoding -glucosidase and glutathione reductase, respectively, were not detected in 
some strains. On the other hand, none of the tested strains possessed the genes 
encoding phenolic acid decarboxylase (pad), citrate permease (citP), citrate lyase (citD, 
citE and citF) and arginine deiminase pathway enzymes (arcA, arcB and arcC). The 
verification of PCR-generated fragments was performed by sequencing. GenBank 
database was used to search for homologous DNA sequences. Neighbour-joining trees 
based on nucleotide sequences of alsS, estA, metK and mleA genes were also 
constructed in order to study the phylogenetic relationship between L. mesenteroides 
strains and closely related species. Taken together, this study has improved our 
knowledge on the genetics of oenological strains of L. mesenteroides.  
 
Keywords: Leuconostoc mesenteroides, PCR detection, genes, sequencing, wine 
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6.1  INTRODUCTION 
Leuconostoc strains, including Leuconostoc mesenteroides, occupy a variety of niches 
including plants and fermented food products (Hemme and Foucaud-Scheunemann 2004). 
In dairy technology, for example, leuconostocs are linked to the production of flavour 
compounds (e.g. diacetyl) from citrate metabolism (Vedamuthu 1994). Although the 
genetics of Leuconostoc strains are poorly characterized, Bekal and others (1998) 
successfully cloned and characterized the citCDEFG gene cluster in a L. mesenteroides 
strain. Recently, sucrose phosphorylase gene from L. mesenteroides was cloned and 
expressed in Escherichia coli (Lee and others 2006, 2008). In addition, Zhang and others 
(2008) reported on the cloning, sequencing and expression of dexYG gene encoding 
dextransucrase, an enzyme that catalyzes the transfer of D-glucosyl units from sucrose to 
acceptor molecules, thus producing -dextran as one of the by-products. 
 
 As such, L. mesenteroides is among a group of Gram-positive lactic acid bacteria 
commonly found in wine during malolactic fermentation. Despite the occurrence of L. 
mesenteroides in the wine matrix, however, there is still limited information on the role and 
impact of this bacterium in winemaking. In addition, the presence of a wide array of 
enzyme-encoding genes in wine-associated L. mesenteroides strains has not been well-
characterized. The only genes that have been detected by a PCR approach are arcA and 
arcB genes encoding arginine deiminase and ornithine transcarbamylase enzymes, 
respectively (Araque and others 2009). The latter enzymes are involved in arginine 
metabolism via the arginine deiminase pathway. This is the extent of our knowledge 
regarding the presence of enzyme-encoding genes in L. mesenteroides strains associated 
with winemaking. 
 
 Therefore, this study was aimed at evaluating several isolates of L. mesenteroides for 
the presence of genes encoding enzymes of relevance in winemaking. The taxonomic 
identification of these isolates to the subspecies level was performed through the 16S 
rDNA gene sequence analysis. PCR-amplified fragments from randomly selected strains 
were also sequenced for verification and for studying the phylogenetic relationships 
between the strains.  
6.2  MATERIALS AND METHODS 
6.2.1   Bacterial strains and growth conditions 
 A total of 15 strains were examined in this study. These strains were previously 
isolated during the 2001 and 2002 vintages from five different commercial wineries 
situated in the Western Cape region (South Africa) and identified as L. mesenteroides 
using species-specific primers (Krieling 2003). A type strain (L. mesenteroides NCDO 
529T) was also included in this study for comparative analysis. All strains were cultured on 
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MRS medium (BIOLAB Diagnostics, Wadeville, South Africa) and incubated at 30 C until 
the colonies were clearly visible on the plates. 
 
6.2.2   Identification of isolates to subspecies level 
 The subspecies of the L. mesenteroides isolates was identified through the taxonomic 
analysis of the 16S rDNA gene sequences. DNA templates (colony cells) were subjected 
to PCR in a Biometra Thermoblock (Biometra® GmbH, Göttingen, Germany) using the 
universal primers EubA (5′-AAG GAG GTG ATC CAN CCR CA-3′) and EubB (5′-AGA GTT 
TGA TCM TGG CTC AG-3′) targeting a 1500-bp region of the 16S rDNA (Cottrel and 
Kirchman 2000). PCR mixture (50 L) contained template DNA, 0.7 M each primer, 
250 M dNTP mix, 1X PCR buffer and 1.5 units of TaKaRa Ex Taq™ DNA polymerase 
(Southern Cross Biotechnology, Cape Town, South Africa). PCR amplification conditions 
were as follows: initial denaturation at 95 C for 2 min, followed by 35 cycles of 
denaturation at 95 C for 1 min, annealing at 55 C for 1 min, extension at 72 C for 1 min 
and a final extension at 72 C for 10 min. PCR-generated amplicons were checked on 1% 
(w/v) ethidium bromide-stained agarose gels, cleaned with Qiagen PCR Purification kit 
(Southern Cross Biotechnology) and then sequenced using the forward and reverse 
primers. Homology search of the closest relatives was performed with the NCBI database. 
 
6.2.3   PCR assays with gene-specific primers 
 The primers used for PCR detection of genes are listed in Table 6.1.  Colony PCR 
assays were performed in 25-L reaction mixtures containing 0.6 M of each primer, 
1.5 mM of MgCl2, 250 M of dNTP mix, 1.25 units of Supertherm DNA polymerase 
(Southern Cross Biotechnology) and 1 X Supertherm buffer. PCR mixtures were cycled in 
a Biometra Thermoblock (Biometra® GmbH, Göttingen, Germany). PCR thermocycling 
conditions were as follows: 94 C for 5 min, followed by 35 cycles of 94 C for 1 min, 45-
54 C for 45 s and 72 C for 1 min (annealing temperatures of the different reactions are 
reflected in Table 6.1). A final extension was performed at 72 C for 10 min. PCR-amplified 
fragments were resolved on agarose gels containing ethidium bromide (0.5 g/mL) and 
documented with UV transilluminator. 
 
6.2.4   Sequence verification 
 To verify PCR-amplified fragments, one strain (IWBT B290) was selected for 
sequencing. The 50-L PCR mix comprised template DNA, 0.6 M of each primer, 250 M 
of dNTPs, 1 X PCR buffer and 1.25 U of TaKaRa Ex Taq™ polymerase (Southern Cross 
Biotechnology). PCR mixtures were cycled and analysed as described above. PCR 
products were purified with QIAquick® PCR Purification Kit (Southern Cross 
Biotechnology), cloned into pGEM-T® Easy vector (Promega, Madison, WI, USA) and then 
sequenced by the Central DNA Sequencing Facility (Stellenbosch University, South 
Africa). The obtained nucleotide gene sequences were aligned and compared to those 
available in GenBank database. 
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6.2.5   Phylogenetic analyses 
 To study phylogenetic relationship between L. mesenteroides subsp. mesenteroides 
strains (IWBT B288, IWBT B290, IWBT B296, IWBT B298 and IWBT B301) of wine origin 
and closely related species, the nucleotide sequences of four randomly selected genes 
(mleA, alsS, metK and estA) were used to construct the phylogenetic trees. DNA 
sequences of the closest relatives were retrieved from GenBank database. Multiple 
sequence alignments were created with the CLUSTAL_X software (Thompson and others 
1997). Phylogenetic trees were constructed using the neighbour-joining method (Saitou 
and Nei 1987) of the MEGA program version 4.1 (Kumar and others 2008) with Kimura’s 
two-parameter distance correction model (Kimura 1980). Bootstrapping analysis was used 
to test the reliability of the topologies using 1000 replications (Felsenstein 1985). 
 
6.2.6   Nucleotide sequences 
 The nucleotide sequences of the mleA, bgl, estA, prtP, alsD, alsS, metK, metB, metC 
and gshR genes of L. mesenteroides IWBT B290 strain will be submitted to 
DDBJ/EMBL/GenBank databases. 
6.3   RESULTS AND DISCUSSION 
6.3.1   Species identification 
 The taxonomic identification of L. mesenteroides isolates to the subspecies level was 
performed by determining their 16S rDNA gene sequences. These sequences were 
aligned and compared to other DNA sequences of the closest relatives published in 
GenBank database. The homology search of the obtained nucleotide sequences against 
database sequences revealed that our strains are highly similar (>99% identity) to other 
strains of L. mesenteroides subsp. mesenteroides: ATCC 8293 (accession no. CP000414, 
locus tag LEUM_r0019), MGB93-1 (HM218010), NM183-5 (HM218762), NM28-7 
(HM218148) and NM27-4 (HM218137). 
 
 The phylogenetic relationship between the studied isolates and their closest relatives 
was also studied by constructing a neighbour-joining tree based on nucleotide gene 
sequences of the 16S rDNA (1440 nt). As shown in Figure 6.1, L. mesenteroides isolates 
tested in this study (indicated in bold) clustered together with other L. mesenteroides 
subsp. mesenteroides strains published in GenBank database, suggesting that our 
isolates belong to the subspecies mesenteroides. 
 
6.3.2   PCR detection of genes 
 A total of 16 strains were tested for the presence of genes encoding enzymes of 
oenological relevance using a PCR detection method. PCR assays generated single PCR 
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products of the expected sizes reflected in Table 6.2. Results of PCR amplifications are 
also shown in Table 6.2. 
 
 From the PCR detection results, it is worth noting that the estA, prtP, alsD, alsS, metK, 
metC and metB genes were present in all L. mesenteroides strains tested. In contrast, 
none of the arcA, arcB, arcC, citD, citE, citF, citP and pad genes were detected. In 
addition, a type strain NCDO 529T strain did not yield a positive signal for the bgl and mleA 
genes encoding -glucosidase and malolactic enzyme, respectively.  
 
 Of all the strains tested for the presence of the gshR gene, only 12 yielded a positive 
signal. A type strain NCDO 529T also did not present the gshR gene. The latter gene 
encodes glutathione reductase involved in cell defense against oxygen stress by 
maintaining a high intracellular glutathione (GSH) (Jänsch and others 2007). Although 
GSH is absent in most Gram-positive bacteria lacking the gshA or gshAB genes required 
for GSH synthesis (Lee and others 2010), certain other lactic acid bacteria are known for 
their ability to accumulate glutathione (Wiederholt and Steele 1994). The major 
physiological role of this compound in bacteria is to protect the cells against acid stress 
(Riccillo and others 2000), osmotic stress (Smirnova and others 2001), toxic electrophiles 
(Ferguson 1999) and oxidative stress (Carmel-Harel and Storz 2000; Smirnova and others 
1999). 
 
 In relation to the presence of the arcABC gene cluster encoding proteins involved in 
arginine metabolism, all the L. mesenteroides strains tested in this study did not possess 
any of these genes. From the literature, all species in the genus Leuconostoc are 
described as non-arginine-degrading (Hemme and Foucaud-Scheunemann 2004). 
Surprisingly, Araque and others (2009) demonstrated the presence of either arcA or arcB 
in L. mesenteroides strains originating from olives and wine. These authors also found a 
correlation between the presence of arcA gene and the formation of citrulline from arginine 
metabolism. These results therefore suggest that arginine-degrading ability in L. 
mesenteroides species is rather strain-dependent. 
 
 To detect the presence of a bgl gene coding for -glucosidase protein, degenerated 
primers were designed to amplify an internal 704-bp region (partial gene). Table 6.2 shows 
that only 44% (7/16 strains) of the tested strains possessed this gene. Although this study 
has demonstrated the presence of the bgl gene in L. mesenteroides strains, it remains 
unknown if this gene yields an active enzyme under oenological conditions given that most 
-glucosidases in wine are regulated by winemaking parameters (Spano and others 2005). 
This aspect therefore merits further investigation. 
 
 Of the entire L. mesenteroides strains tested for the presence of the pad gene, none 
possessed this gene. These results are in agreement with the findings of De las Rivas and 
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others (2009) who developed a PCR assay for the detection of the pad gene from several 
wine LAB species including L. mesenteroides. In their study, De las Rivas and others 
(2009) also found a correlation between the presence of the pad gene encoding a phenolic 
acid decarboxylase and volatile phenol production. 
 
 The three genes (citD, citE and citF) encoding enzymes involved in citrate metabolism 
pathway were also investigated in this study. However, none of the L. mesenteroides 
strains possessed these genes. All the strains were either tested with degenerated primers 
described by Mtshali and others (2010) or by using the oligonucleotides (designed in this 
study) based on the citDEF gene cluster of L. mesenteroides subsp. cremoris strain 
described by Bekal and others (1998) (data not shown). In both instances, none of the 
strains tested positive. An in silico analysis of L. mesenteroides subsp. mesenteroides 
ATCC 8293 genome (accession no. CP000414) also revealed that this strain does not 
harbour the citrate lyase gene cluster. Nevertheless, Bekal and others (1998) successfully 
cloned and characterized the citCDEFG gene cluster in a L. mesenteroides subsp. 
cremoris strain originating from the dairy industry. In addition, no citP gene was detected 
in all strains tested in this study. The citP gene encodes citrate permease enzyme, which 
mediates the uptake of citrate into the cell. 
 
6.3.3   Sequence and phylogenetic analyses 
 The verification of PCR-generated fragments was performed by sequencing the 
corresponding genes from the L. mesenteroides IWBT B290 strain selected. The obtained 
nucleotide sequence data were aligned and compared to other DNA sequences available 
in GenBank database. The BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
confirmed that we amplified and sequenced the correct genes. Table 6.3 shows 
percentage identities of nucleotide sequences from the IWBT B290 strain and related 
species of the two closely related genera: Leuconostoc and Oenococcus. The highest 
sequence homology (91-99% identity) was observed with L. mesenteroides subsp. 
mesenteroides ATCC 8293 strain (CP000414). 
 
 Based on the percentage identities shown in Table 6.3, it appears that strain IWBT 
B288 is quite distant from other closely related species of Leuconostoc, and even a bit 
distant from L. mesenteroides subsp. mesenteroides ATCC 8293 (CP000414). This trend 
is also evidenced in the phylogenetic trees constructed based on DNA sequences of the 
alsS, estA, metK and mleA genes (Figure 6.2). In the phylogenies of the alsS, estA and 
metK genes, ATCC 8293 clustered separately from the wine isolates whereas in the mleA 
phylogeny, the ATCC 8293 strain appeared to be intermixed with the tested strains. These 





6.4   CONCLUSION 
In this study, we have demonstrated, with a molecular approach, the existence of certain 
genes encoding enzymes of oenological relevance in L. mesenteroides strains originating 
from wine. Notably, certain other genes are absent in L. mesenteroides strains and this 
might suggest that they are not essential for the survival of these strains. However, it still 
remains to be further determined if the enzymes encoded by PCR-detected genes are 
active and functional under winemaking conditions. This aspect therefore warrants further 
studies. The phylogenetic analysis of L. mesenteroides isolates also indicated that there is 
a genetic variability amongst different strains of the same species. 
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Table 6.1–A list of primers designed in this study 
 
Gene Forward primer (5′→3′) Reverse primer (5′→3′) Annealing temp. 
mleA GTTGAATTYATGCCAATYGTKTATGA GCTTTWGCTTCKGCTAAYTTDGTTGG 54 C 
bgl GAAAAAGCNGAWCTDGTWTCBGGNAAAGAT CCAGGCATTTCBAARTCYADACCDGCTTT 53 C 
estA ATGGCTTTTTTAGAAGTTAATTATTATTC TTAACTCAATCTCTCTTCCTGAACATAG 45 C 
prtP ATGAAAAAGCATTCTTTAATTATCG CTACTTTTCAGTATTCTTAATAAATGTC 45 C 
citP ATGGAGATAGAATTATGATGAATCA AAATATCTAAATTACTTCATGAATGTG 49 C 
alsD ATGACAACAATATATCAACATGGTA CTAATTTTTTCCGCCTTCACT 49 C 
alsS ATGGCAAATAAAAAATATGGTGCAG TTATCCTTCAGAACCAATCAATTGTG 49 C 
metK ATGGCAAAGTATTTCACATCGG TTAAAGTAAGTTTTTGATTTCTTTCACCTT 49 C 
metC ATGAGTGATTGGACAAATATTATTGATG CTAAATTAAGGCTAATGCACTATCCAA 49 C 
metB ATGAAATTTGATACACAACTTATTCATG TTATTTCAATTGATTAAAACCTTGTTCTAG 49 C 
gshR ATGGCGGAACAGTACGATG TTAATACAAATATTGTAAGTCACTAGCCG 49 C 
 
The primers for amplifying arcA, arcB, arcB, citD, citE, citF and pad genes are similar to those reported in 




Table 6.2–Results of PCR detection of enzyme-encoding genes with gene-specific primers 
 
   Leuconostoc mesenteroides strains 
Target gene Function Size (bp) IWBT (15 isolates) NCDO (529T) 
mleA Malolactic enzyme 989 15a 0 
bgl -Glucosidase 704 7 0
estA Predicted esterase 792 15 1
prtP Serine protease 858 15 1
pad Phenolic acid dercaboxylase 210 0 0
citD Citrate lyase -subunit 245 0 0
citE Citrate lyase -subunit 897 0 0
citF Citrate lyase -subunit 1331 0 0
citP Citrate permease 1357 0 0
alsD -Acetolactate decarboxylase 720 15 1
alsS -Acetolactate synthase 1686 15 1
metK S-adenosylmethionine synthase 1158 15 1
metC Cystathionine -lyase 1140 15 1
metB Cystathionine -lyase 1140 15 1
gshR Glutathione reductase 1332 12 0
arcA Arginine deiminase 266 0 0
arcB Ornithine transcarbamylase 181 0 0
arcC Carbamate kinase 343 0 0
 
Culture collections: IWBT, Institute for Wine Biotechnology, Stellenbosch University, South Africa; NCDO, 
National Collection of Dairy Organisms, UK. 




Table 6.3–Percentage identity of DNA sequences from L. mesenteroides IWBT B290 with 
other published closest relatives 
 
 % identity of Leuconostoc mesenteroides subsp. mesenteroides IWBT B290 with 
Target gene OE-OEa Leuc-M Leuc-C Leuc-G Leuc-K 
mleA 68b (OEOE_1563c) 98 (LEUM_1005) 75 (LCK_00751) 76 (LEGAS_0941) 92 (LKI_10035) 
bgl 69 (OEOE_1569) 99 (LEUM_0875) noned none none 
estA 70 (OEOE_0720) 97 (LEUM_1482) 70 (LCK_00616) 70 (LEGAS_1200) 69 (LKI_01580) 
prtP none 92 (LEUM_1808) 70 (LCK_01484) 70 (LEGAS_0381) 68 (LKI_07085) 
metK 69 (OEOE_0838) 97 (LEUM_1697) 79 (LCK_01370) 79 (LEGAS_0489) 80 (LKI_07665) 
metB 65 (OEOE_1758) 97 (LEUM_1288) none 74 (LEGAS_0159) 72 (LKI_03395) 
metC 65 (OEOE_0765) 97 (LEUM_1804) 74 (LCK_01478) 68 (LEGAS_0159) 74 (LKI_07100) 
gshR none 99 (LEUM_1019) none 89 (LEGAS_1861) 99 (LKI_00285) 
alsD none 98 (LEUM_0549) 68 (LCK_00459) 68 (LEGAS_1345) 68 (LKI_02730) 
alsS 72 (OEOE_1703) 96 (LEUM_0522) 77 (LCK_01334) 77 (LEGAS_0526) 78 (LKI_07840) 
 
a Abbreviations: OE-OE, Oenococcus oeni PSU-1 (accession no. CP000411); Leuc-M, Leuconostoc 
mesenteroides subsp. mesenteroides ATCC 8293 (CP000414); Leuc-C, Leuconostoc citreum KM20 (DQ489736); 
Leuc-G, Leuconostoc gasicomitatum LMG 18811T (FN822744); Leuc-K, Leuconostoc kimchii IMSNU 11154 
(CP001758). 
b Percentage identity. 
c Gene locus tag. 







Figure 6.1. Phylogenetic tree constructed with the neighbour-joining method based on 16S rDNA 
gene sequences to show the relationship between L. mesenteroides isolates tested in this study (in 
bold) and the closest relatives published in GenBank database (accession numbers in 
parentheses). Bootstrap values >80% are shown at branching points. The horizontal scale bar 
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Figure 6.2. Neighbour-joining trees created with nucleotide sequences of the (a) alsS (1535 nt), (b) estA (769 nt), (c) metK (1121 nt) and (d) 
mleA (946 nt) genes, showing the relationship of five L. mesenteroides subsp. mesenteroides strains of wine origin (in bold) to other closely 
related taxa (GenBank accession numbers in parentheses). Numbers at branching points represent the results of bootstrap analyses 
(expressed as percentages of 1000 replicates). The horizontal scale bar indicates the number of base substitutions per site. 
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A total of 210 strains of lactic acid bacteria were examined in this study. Among these, 30 
strains previously isolated from South African grape and wine samples remained 
unidentified. The identification of these isolates was performed by BLAST and 
phylogenetic analyses of 16S rDNA gene sequences, which indicated that the isolates 
belonged to Lactobacillus florum. In this work, we also designed a discriminative species-
specific primer FLOR targeting the 16S rDNA gene of Lb. florum. The validity and 
specificity of this primer was confirmed. Of particular interest in this study was to further 
evaluate the identified strains for the presence of genes encoding enzymes of oenological 
relevance. Reference strains included three flower-associated Lb. florum (F9-1T, F9-2 and 
F17) and two Lactobacillus lindneri (AWRI B530 and DSM 20691) strains. Lb. lindneri 
strains were incorporated as being the closest relatives of Lb. florum. PCR detection 
results revealed that all Lb. florum strains and Lb. lindneri AWRI B530 (grape isolate) 
possessed the majority of the tested genes relative to DSM 20691 (beer isolate); these 
enzyme-encoding genes included malolactic enzyme, peptidases (PepC, PepI, PepN), 
citrate lyase (- and -subunits), phenolic acid decarboxylase and arginine deiminase 
pathway enzymes (arginine deiminase and ornithine transcarbamylase). Sequence 
verification of PCR-generated fragments was performed. The sequence data were used to 
construct the phylogenetic trees, which indicated that our Lb. florum isolates cluster with 
other Lb. florum strains but rather distinct from other LAB species, with Lb. lindneri being 
the next closest species. 
 




7.1  INTRODUCTION 
 Lactic acid bacteria (LAB) are a group of Gram-positive microorganisms occurring 
naturally in a variety of niches, including the gastrointestinal tract, plants and fermented 
foods such as dairy products, meat and alcoholic beverages (Hammes and Hertel, 2006; 
Mohania et al., 2008). On the other hand, fructophilic LAB represent a new group of 
bacteria having been described recently (Endo and Okada, 2008; Endo et al., 2009). 
Based on their characteristics, these bacteria grow well on D-fructose or D-glucose in the 
presence of electron acceptors such as pyruvic acid, but poorly on D-glucose without 
electron acceptors (Endo and Okada, 2008). 
 
 Endo et al. (2009) isolated three novel strains of fructophilic LAB from South African 
flowers of peony and bietou. These strains were closely related to Lactobacillus lindneri 
and Lactobacillus sanfranciscensis (95.4% and 93.7% similarity, respectively) based on 
the phylogenetic analysis of 16S rDNA gene sequences. Because the sequence 
similarities between the new isolates and closely related species were lower than the 
recommended value (98.7-99%) for species differentiation as proposed by Stackebrandt 
and Ebers (2006), the new isolates therefore represented a novel species for which the 
name Lactobacillus florum was adopted (Endo et al., 2010). To date, reports on the 
occurrence of Lb. florum in nature are very scarce. This may be attributed to the fact that 
only few conventional isolation media contain D-fructose as a substrate, thus making it 
possible that fructophilic LAB are not selected for (Endo et al., 2009). In light of this, rapid 
and reliable methods are required for a quick detection and differentiation of Lb. florum 
strains from a variety of habitats. 
 
 From an oenological perspective, LAB play a pivotal role in conducting malolactic 
fermentation (MLF). Among the LAB species associated with MLF, Oenococcus oeni is 
usually the main bacterium involved in carrying out this secondary fermentation to 
completion. Of all the lactobacilli, Lactobacillus plantarum is considered a new potential 
candidate for MLF (Du Toit et al., 2010). Other species such as Lactobacillus hilgardii, 
Lactobacillus brevis and Lactobacillus buchneri are rather associated with spoilage. 
Another species typically implicated in beer spoilage is Lactobacillus lindneri; it causes an 
increase in acidity, turbidity and, in some instances, can result to the production of off-
flavours (Back, 2005). The latter bacterium has recently been detected on Australian 
grapes, and its occurrence in wine causes a clear inhibition of the growth of O. oeni in a 
mixed culture (Bae et al., 2006).  
 
 Quite recently, several species of yeasts and bacteria were tested for their ability to 
form indole during wine fermentation (Arevalo-Villena et al., 2010). Among the bacterial 
strains tested, Lb. lindneri was found to be the highest producer of indole. This compound, 
derived from the microbial catabolism of tryptophan, imparts a ‘plastic-like’ off-flavour in 
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wine (Capone et al., 2010). These preliminary results are therefore indicative that 
Lb. lindneri may impact negatively in wine when present during fermentation. This area 
therefore merits further research in order to elucidate the metabolic activity of Lb. lindneri, 
and hence its impact on wine production. 
 
 In this work, we examined several isolates of LAB originating from South African grape 
and wine samples. The identification of these isolates was performed by phylogenetic 
analysis of their 16S rDNA gene sequences. In addition, a discriminative species-specific 
primer for Lb. florum targeting the 16S rDNA gene was designed. We further investigated 
the isolates for the presence of genes coding for enzymes of relevance in winemaking, 
such as malolactic enzyme, -glucosidase, protease, peptidases (PepC, PepI, PepN and 
PepM), citrate lyase (-, - and -subunits), -acetolactate synthase, phenolic acid 
decarboxylase, amino acid decarboxylases (histidine decarboxylase, ornithine 
decarboxylase and tyrosine decarboxylase), as well as enzymes associated with sulphur 
and arginine metabolic pathways.  
7.2  MATERIALS AND METHODS 
7.2.1   Microorganisms and growth conditions 
 Thirty isolates only identified as Lactobacillus sp. were investigated in this study. They 
were previously isolated from grape and wine samples obtained from five different 
wineries situated in the Western Cape region, South Africa, during the 2001 and 2002 
vintages (Krieling, 2003). An additional number of strains representing 24 different species 
were used as PCR controls to validate the specificity of Lb. florum species-specific 
primers. The type or reference strains used in this study are listed in Table 7.1. Three 
Lb. florum strains (F9-1T, F9-2 and F17) were kindly provided by Dr. Akihito Endo 
(Department of Microbiology, Stellenbosch University, South Africa). 
 
 Oenococcus oeni strains were grown anaerobically at 30C on MRS agar medium 
(BIOLAB Diagnostics, Wadeville, Gauteng, South Africa) supplemented with 20% apple 
juice (pH adjusted to 5.2 with HCl); anaerobic conditions were created with Anaerocult® A 
(Merck, Darmstadt, Germany). All other LAB strains were cultured at 30C on normal MRS 
agar medium (BIOLAB Diagnostics). 
 
7.2.2. Preparation of template DNA 
 Chromosomal DNA or bacterial colony cells were used as template DNA for PCR 
assays. The total chromosomal DNA from overnight MRS cultures of individual strains was 





7.2.3. Determination of 16S rDNA sequences 
 Amplification and sequencing of the 16S rDNA gene from the group of our isolated 
strains were performed using universal eubacterial primers EubA and EubB (Cottrel and 
Kirchman, 2000). All primer sets used for PCR assays are listed in Table 7.2, and were 
synthesized by the Integrated DNA Technologies, Inc. (Coralville, IA, USA). PCR was 
performed in a 50-L amplification reaction mixture containing template DNA, 0.7 M of 
each primer, 250 M of dNTPs, 1X Ex Taq™ Buffer (TaKaRa Bio Inc., Southern Cross 
Biotechnology, Cape Town, South Africa) and 1.5 U of TaKaRa Ex Taq™ polymerase 
(TaKaRa Bio Inc.). PCR amplifications were carried out using TRIO-Thermoblock 
(Biometra® GmbH, Göttingen, Germany), and cycled through the temperature profiles 
indicated in Table 7.3. Amplified products were resolved on a 1% agarose gel (Whitehead 
Scientific, Cape Town, South Africa), purified with QIAquick® PCR Purification Kit (Qiagen, 
Southern Cross Biotechnology, Cape Town, South Africa) and subsequently sequenced 
by the Central DNA Sequencing Facility (Stellenbosch University, South Africa). For 
identification of the closest relatives, the obtained sequences were assembled, aligned 
and compared to those in GenBank database. 
 
7.2.4. PCR with species-specific primers 
 To design the primers specific for Lb. florum, 16S rDNA gene sequences of Lb. florum 
and other closely related species (Table 7.2) were aligned. While the 16S rDNA gene 
sequence data of Lb. florum strains of grape and wine origin were generated in this study, 
all other gene sequences were extracted from GenBank database. The forward primer 
FLOR (5′-GCT GCC CAG TTG CTA GTC-3′) specific for Lb. florum was designed from the 
V1 variable region of the 16S rDNA gene located near the 5’ terminus of the 16S rDNA 
sequence. The universal reverse primer 907r (5′-CCG TCA ATT CCT TTG AGT TT-3′) 
was taken from the work published previously (Yasui et al., 1997). PCR samples were 
cycled and analysed as described above. For verification of PCR-amplified fragments, two 
strains (F9-1T of flower origin and IWBT B322 of wine origin) were selected for sequencing 
using the forward and reverse primers. Sequence similarity searches were performed with 
GenBank databank. 
 
7.2.5. PCR detection of enzyme-encoding genes 
 For PCR amplifications to detect the presence of different enzyme-encoding genes, 
template DNA (ca. 50 ng DNA or bacterial colony cells), 1.5 mM MgCl2, 0.6 M of each 
primer, 250 M dNTP mix, 1X PCR buffer and 1.25 U Supertherm polymerase (Hoffman-
La Roche, Southern Cross Biotechnology, Cape Town, South Africa) were used in a total 
reaction mix of 25 L. When required for sequencing, the volume of the total PCR mix was 
increased to 50 L in the presence of template DNA, 0.6 M of each primer, 250 M dNTP 
mix, 1X PCR buffer and 1.25 U Ex Taq™ DNA polymerase (TaKaRa Bio Inc.). The 
reactions were cycled through the temperature profiles indicated in Table 7.3. PCR 
products were checked by agarose gel electrophoresis and documented with UV 
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transilluminator. The verification of PCR-generated amplicons was performed as described 
above. 
 
 A multiplex PCR assay was also applied for simultaneous detection of amino acid 
decarboxylase genes (hdc, tdc and odc) using three sets of primers described by 
Marcobal et al. (2005). Multiplex PCR mixture was performed in a 25-L amplification 
reaction mixture containing 50 ng template DNA, 1.75 mM MgCl2, 200 M dNTP mix, 0.3 
M hdc primer set, 2 M tdc primer set, 1 M odc primer set, 1X PCR Buffer and 1.5 U 
Supertherm polymerase (Hoffman-La Roche). After PCR amplification, amplicons were 
analyzed as described above. 
 
7.2.6. Phylogenetic analysis 
 Multiple alignments of nucleotide gene sequences were created using the program 
CLUSTAL X (Thompson et al., 1997) and MEGA 4.1 software (Kumar et al., 2008). The 
neighbour-joining method (Saitou and Nei, 1987) with Kimura’s two-parameter distance 
correction model was used to construct phylogenetic trees. The robustness of individual 
branches was estimated by bootstrapping with 1000 replications (Felsenstein, 1985). 
 
7.2.7. Nucleotide sequences 
 The nucleotides sequences of the 16S rDNA, mleA, pepC, pepI, pepN, citE and citF 
genes of Lb. florum IWBT B322 will be deposited in GenBank/EMBL/DDBJ databases. 
7.3   RESULTS 
7.3.1   Species identification 
 The identification of 30 isolated strains of Lactobacillus was performed by analyzing 
the 16S rDNA gene sequences obtained after subjecting DNA to PCR with universal 
eubacterial primers EubA and EubB. The alignment of DNA sequences revealed that the 
determined nucleotide sequences were >99% similar between all the tested strains. These 
sequences were also compared to those available in GenBank database and the highest 
identity (99.9%) was recorded with Lb. florum F9-1T (GenBank accession no. AB498045), 
Lb. florum F9-2 (AB498046) and Lb. florum F17 (AB498047) strains. 
 
 The newly determined 16S rDNA sequences were also compared to other closely 
related lactobacilli and the level of sequence identity was 95% with Lb. lindneri AWRI 
B530 (grape isolate), 95% with Lb. lindneri DSM 20690 (X95421), 94% with Lb. 
sanfranciscensis LMG 16002 (EU350220) and 93% with Lactobacillus homohiochii LMG 
9478T (AJ621552). A phylogenetic tree was also constructed using the neighbour-joining 
method to show the phylogenetic relationship of our strains with those retrieved from 
GenBank database (Fig. 7.1). Due to high sequence similarity (>99%) between our strains, 
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only one strain was included in the phylogenetic tree. Phylogenetic analysis based on 16S 
rRNA gene sequences indicated that our strain clustered together with Lb. florum strains 
(F9-1, F9-2 and F17), and separately from other closely related species. It can also been 
seen in Fig. 7.2 that Lb. lindneri AWRI B530 clusters separately from both Lb. florum 
strains and the beer isolates of Lb. lindneri. 
 
7.3.2. Design of a species-specific primer 
 To develop a species-specific primer for a rapid and accurate detection of Lb. florum, 
16S rDNA gene sequences of Lb. florum and closely related species were aligned 
(Fig. 7.2). The specific primer FLOR was then designed from the variable region located 
near the 5′ terminus of the 16S rDNA sequence. When applied to all Lb. florum strains 
tested, this primer together with a reverse universal primer 907r yielded PCR amplicons 
corresponding to an expected size of 907 bp. The specificity of the FLOR primer was also 
verified by testing different strains representing 23 different species. As expected, these 
strains produced no signal as an indication that this primer is only specific for Lb. florum 
(Table 7.5). 
 
 To verify that the Lb. florum primer set amplified the target gene (16S rDNA), PCR 
amplifications of two selected Lb. florum strains (F9-1T and IWBT B322) were sequenced. 
After the obtained sequence data were assembled and aligned, a comparative analysis of 
DNA sequences was performed. When the sequences of the two strains were compared 
to one another, they displayed 100% identity. A homology search using the newly 
determined 16S rDNA gene sequences was also performed by comparing them to other 
DNA sequences published in the NCBI database. The BLAST results confirmed that the 
sequenced fragments corresponded to the 16S rDNA genes of Lb. florum strains F9-1T 
(AB498045), F9-2 (AB498046) and F17 (AB498047). 
 
7.3.3. Genetic screening for enzymes of oenological relevance 
 The 30 isolates were also genetically screened for the presence of genes encoding 
enzymes of oenological relevance. The reference strains of Lb. florum (F9-1T, F9-2 and 
F17) and Lb. lindneri (AWRI B530 and DSM 20691) were also tested. Positive PCR 
amplifications yielded DNA fragments with expected sizes reflected in Table 2. From the 
PCR detection results shown in Table 7.6, it is worth noting that our isolates together with 
Lb. florum strains of flower origin tested positive for the presence of genes coding for the 
malolactic enzyme (encoded by mleA), peptidases (pepC and pepI), phenolic acid 
decarboxylase (pad) and arginine deiminisase enzymes (arcA and arcB). The rest of other 
genes, such as bgl, prtP, pepM, citD, alsS, metK, metB/metC, arcC and amino acid 
decarboxylase genes (hdc, odc and tdc), were not detected.  
 
 The PCR assay aiming to amplify the gene coding for glutathione reductase (gshR) 
yielded amplicons for four isolates. The primers used for gshR gene amplification were 
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designed after aligning nucleotide gene sequences of Lactobacillus plantarum WCFS1 
(AL935252), Lb. plantarum JDM1 (CP001617) and Leuconostoc mesenteroides ATCC 
8293 (CP000414). PCR-amplified fragments from these strains were gel-isolated, purified 
and finally sequenced. Multiple sequence alignments of the obtained DNA sequences 
indicated that the nucleotide sequences from these strains were >99% similar to each 
other. The homology search with other bacterial DNA sequences was performed in the 
NCBI database (http://www.ncbi.nlm.nih.gov). However, no similarity was found.  
 
 On the other hand, the two Lb. lindneri strains (AWRI B530 and DSM 20691) were 
also subjected to PCR with the same primer sets. While Lb. lindneri DSM 20691 (beer 
isolate) only exhibited the presence of malolactic enzyme (mleA) gene, the wine-originated 
strain Lb. lindneri AWRI B530 also possessed genes encoding citrate lyase -subunit 
(citF), citrate lyase -subunit (citE), MetK, arginine deiminase (arcA) and peptidases 
(pepC, pepI, pepN and pepM). 
 
 The suitability of citD-deg1/citD-deg2, alsS-deg1/alsS-deg2, Prot-deg1/Prot-deg2 and 
CBGL-deg1/CBGL-deg2 gene-specific primers was confirmed by identification of the 
corresponding genes from LAB strains belonging to Lb. plantarum, Oenococcus oeni and 
Leuc. mesenteroides. As expected, the latter strains yielded PCR fragments of expected 
sizes (data not shown) in comparison to the tested strains, which showed no presence of 
citD, alsS, prtP and metB/metC genes, respectively. The primer sets used for PCR assays 
were designed from nucleotide gene sequences of LAB species originating not only from 
wine but also from other fermented foods such as dairy products. 
 
7.3.4. Phylogenetic analysis 
 In this study, three genes (mleA, citE and pepN) from randomly selected strains were 
sequenced for phylogenetic analysis. These strains comprised two references (F9-1T and 
F17) and six isolates from our collection. Phylogenetic relationships between the tested 
isolates and closely related species were studied by constructing phylogenetic trees based 
on nucleotide sequences of the three randomly selected genes: mleA, citE and pepN. 
From the phylogeny analysis, it was noted that our isolates and reference strains of 
Lb. florum formed their own cluster in comparison to other closely related species whose 
gene sequences were retrieved from GenBank database. Among the isolates examined, 
none of them clustered with AWRI B530 or DSM 20691. Surprisingly, AWRI B530 
appeared to be intermediate between DSM 20691 and the Lb. florum strains (Fig. 7.3A).  
In the phylogenetic trees based on mleA and citE gene sequences (Figs. 7.3B), Lb. florum 
and Lb. lindneri strains were distinct from other bacterial species. However, an exception 
was observed for the phylogeny based on pepN gene (Fig. 7.3C) in which Lb. lindneri 
AWRI B530 formed a cluster with Lactobacillus fermentum IFO 3956 (AP008937). 
  
94
7.4   DISCUSSION 
 Traditionally, identification of Lactobacillus strains relied on the determination of 
biochemical properties. However, phenotypical methods clearly have inherent limitations in 
discriminating bacterial strains possessing similar physiological traits (Mohania et al., 
2008). Many recent studies have therefore focused their attention towards developing 
molecular biology techniques as an alternative method for a rapid and accurate 
identification of Lactobacillus species. The determination of 16S rRNA gene sequence 
provides an accurate basis for phylogenetic analysis and identification of Lactobacillus 
(Vandamme et al., 1996), and this gene is the most universal gene targeted in bacterial 
diversity studies (Mohania et al., 2008). In addition, the use of species-specific primers 
offers a rapid, accurate and sensitive tool for species identification in comparison to 
phenotype-based methods. The species-specific oligonucleotides are usually designed 
from the variable regions of the 16S rDNA gene sequence. These variations therefore 
allow for the selection of species-specific targets for primer design. 
 
 In this study, the isolates of Lactobacillus originating from South African grape and 
wine samples were investigated. The identification of these new isolates was performed by 
sequencing the 16S rDNA gene. In search of the closest relatives, these isolates exhibited 
99.9% identity with Lb. florum strains described recently by Endo et al. (2010). We 
therefore identified the new isolates as Lb. florum. From the phylogenetic tree analysis 
based on the 16S rDNA sequences (Fig. 7.1), it was also interesting to note that our 
isolates clustered together with F9-1T (AB498045), F9-2 (AB498046) and F17 (AB498047) 
strains. Surprisingly, Lb. lindneri AWRI B530 clustered separately from other beer strains 
of Lb. lindneri published in the NCBI database. The percentage identity of AWRI B530 
strain relative to beer isolates was also slightly lower than the recommended value for 
species identification using the 16S rDNA sequence analysis.  
 
 Besides using 16S rDNA sequence analysis for species identification, we also 
developed a novel PCR assay that is specific for Lb. florum and can suitably be employed 
for the direct detection and identification of any Lb. florum isolate. The variations in the V1 
region of Lb. florum 16S rDNA gene sequence allowed us to design species-specific PCR 
primer (FLOR) for the identification of Lb. florum. The reverse primer 907r, taken from 
Yasui et al. (1997), was universal across bacterial species. Both primers (FLOR and 907r) 
were then tested against all Lb. florum strains, which gave positive amplicons of expected 
size. The validation of FLOR/907r primer specificity was performed by testing other strains 
representing 23 species and belonging to Lactobacillus, Leuconostoc, Pediococcus and 
Oenococcus. As expected, none of these strains tested positive. 
 
 Apart from identifying the new isolates as Lb. florum, our interest was to further 
investigate these isolates for the presence of genes encoding enzymes of oenological 
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relevance in order to evaluate the potential impact – positive or negative – of the presence 
of this bacterium in wine. The genes were detected by PCR with gene-specific primers. 
The corresponding PCR-amplified fragments from randomly selected strains were 
sequenced for confirmation analysis. The obtained nucleotide sequences were 
assembled, aligned and subsequently used to study their homology patterns in 
comparison to those published in GenBank database. 
 
 Among the enzyme-encoding genes investigated in this study, it was demonstrated 
that all Lb. florum strains together with Lb. lindneri AWRI B530 possessed several genes 
encoding peptidases (pepC, pepN and pepI). The pepM gene was only detected in 
Lb. lindneri AWRI B530 strain. Of all the strains tested for prtP gene, none of them yielded 
a signal during PCR detection with gene-specific primers. The presence of the prtP gene 
in various species of Lactobacillus was reported previously (Mtshali et al., 2010). The 
genes investigated in this work encode enzymes related to proteolysis and peptidolysis in 
which proteins are degraded into smaller peptides and amino acids necessary for the 
growth of LAB (Juillard et al., 1995). Although the distribution of peptidase enzyme-
encoding genes in wine-associated LAB is poorly understood, the presence of several 
peptidase genes in AWRI B530 and Lb. florum strains suggests that they might play a role 
in peptidolysis. 
 
 In relation to the PCR assay aimed at detecting the presence of the arcABC gene 
cluster, Lb. florum and Lb. lindneri strains were tested using the primer sets reported 
previously (Araque et al., 2009). The arcABC gene cluster encodes three enzymes 
(arginine deiminase, ornithine transcarbamylase and carbamate kinase, respectively) 
involved in arginine catabolism via the arginine deiminase pathway (Liu et al., 1996). From 
the PCR detection results, all Lb. florum strains exhibited the presence of arcA and arcB 
genes whereas Lb. lindneri AWRI B530 strain only presented the arcA gene. The arcC 
gene was not detected in any of the strains tested. Taken together, the presence of genes 
encoding an incomplete arginine deiminase pathway might suggest that these strains have 
the genetic potential to induce wine spoilage by forming ethyl carbamate (also known as 
urethane) from arginine metabolism. Urethane is a carcinogenic compound with negative 
health implications, and is formed in a reaction between ethanol and N-carbamyl 
compounds such as citrulline and carbamyl phosphate (i.e. the intermediates of arginine 
metabolism) (Ough et al., 1988). 
 
 The Lb. florum and Lb. lindneri strains were also tested for the presence of genes 
coding for enzymes involved in the sulphur metabolic pathway. These genes (metK and 
metB/metC) encode S-adenosylmethionine synthase and cystathionine -lyase/-lyase 
involved in the conversion of methionine to diverse volatile sulphur compounds, 
respectively. Of all the strains tested, none of them possessed the metB or metC gene. 
Only Lb. lindneri AWRI B530 possessed the methionine biosynthetic gene (metK). These 
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results therefore suggest the possibility that the AWRI B530 strain has the potential to 
produce beneficial aroma-active components to influence wine sensory properties. 
 
 The absence of amino acid decarboxylase genes from all Lb. florum and Lb. lindneri 
strains was revealed by multiplex PCR as described previously (Marcobal et al., 2005). 
The plate assay method was also employed to corroborate the PCR detection results. 
These findings are indicative that none of the tested strains is able to produce biogenic 
amines. In principle, biogenic amines are mainly formed by the microbial decarboxylation 
of amino acids present in fermented foods and beverages. The formation of these amines 
in fermented products is undesirable because if absorbed by consumers at an excessively 
high content, they may induce headaches, respiratory distress, heart palpitation, hyper-
hypotension, and several allergenic disorders (Smit et al., 2008). 
 
 In this work, we have also demonstrated the presence of the pad gene coding for a 
phenolic acid decarboxylase in all Lb. florum strains originating from flowers and wine. The 
presence of this gene in several wine LAB isolates was also reported previously (de las 
Rivas et al., 2009; Mtshali et al., 2010). However, we could not obtain an amplicon when 
applying the pad primers in both Lb. lindneri strains (AWRI B530 and DSM 20691). The 
presence of phenolic acid decarboxylase enzyme in phenolic acid-degrading strains is 
directly linked to the formation of volatile phenols (Liu, 2002). As such, the PCR detection 
of the genetic determinant of this enzyme can therefore be used as a preliminary tool for 
identifying LAB strains with potential to produce volatile phenols in wine (de las Rivas et 
al., 2009). 
 
 Finally, our study has also demonstrated the existence of citrate lyase genes (citE and 
citF) in Lb. lindneri AWRI B530 and all Lb. florum strains tested, albeit the citD gene was 
not detected in any of these strains. These genes are related to citrate metabolism by 
citrate-utilising LAB. The metabolism of citrate in wine relates to the production of diacetyl, 
which imparts a pleasant buttery attribute in wine (Liu, 2002). However, this compound 
can be regarded as an off-flavour when present in wine at higher concentrations 
(Fornachon and Lloyd, 1965; Rankine et al., 1969). The presence of citrate lyase genes in 
AWRI B530 and Lb. florum strains therefore suggests that these strains have the genetic 
potential to utilize citrate. However, it remains to be further investigated if the citrate 
pathway in these strains is still active as not all the genes involved in the pathway are 
present. On the other hand, the degenerate primers used for PCR assays could not yield 
any signal in a beer isolate (Lb. lindneri DSM 20691). 
 
 In conclusion, we have genetically identified Lb. florum strains isolated from South 
African grape and wine samples using 16S rDNA sequence analysis. To our knowledge, 
this is the first study to report on the occurrence of Lb. florum on the grapes and in wine. 
We also established a novel PCR assay using a species-specific PCR primer for the rapid 
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detection of Lb. florum species, which can also be exploited to confirm the identity of 
Lb. florum strains originating from various sources. From the phylogenetic analysis of the 
tested strains with closest relatives published in GenBank database, it was noted that 
Lb. florum strains of wine origin clustered together with those of flower origin (99.9% 
identity). On the other hand, the wine-originated AWRI B530 strain of Lb. lindneri did not 
cluster with other Lb. lindneri strains of beer origin. 
 
 For further inquisition, we identified several enzyme-encoding genes from all the 
strains tested, with the exception of the beer strain (DSM 20691) that only possessed the 
mleA gene. From the enzyme profiling perspective, it was noteworthy that Lb. lindneri 
AWRI B530 and all Lb. florum strains possessed the majority of enzyme-encoding genes 
tested relative to the DSM 20691 strain. In addition, there was a high degree of genetic 
diversity between Lb. florum and Lb. lindneri strains tested. Of particular interest to note is 
the fact that Lb. lindneri AWRI B530 appears to be intermediate between Lb. florum strains 
and beer isolates of Lb. lindneri in relation to its phylogenetic relatedness to beer isolates 
and its similarity to Lb. florum regarding the gene pool. These findings therefore warrant a 
speculation that AWRI B530 might represent a new novel species rather than Lb. lindneri. 
Altogether, this work has extended our knowledge on the occurrence of Lb. florum strains 
in various niches as well as on the presence of various enzyme-encoding genes of 
oenological relevance. 
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Reference or type strains used as PCR controls to test the specificity of FLOR primer. 
 
Bacterial species Strain number Culture collection 
Lactobacillus spp.   
     Lb. brevis  ATCC 14869 American Type Culture Collection 
     Lb. buchneri  NCIB 8007 National Collection of Industrial Bacteria 
     Lb. casei  LMG 13552 Laboratorium voor Microbiologie 
     Lb. curvatus  LMG 13553 Laboratorium voor Microbiologie 
     Lb. delbrueckii  DSM 20074 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. fermentum  DSM 20052 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. florum F9-1, F9-2, F17 Department of Microbiology (MICRO; Stellenbosch) 
     Lb. hilgardii  DSM 20176 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. jensenii  NCFB 2165 National Collection of Food Bacteria 
     Lb. kunkeei  DSM 12361 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. lindneri AWRI B530 
DSM 20691 
Australian Wine Research Institute 
Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. malefermentans  ATCC 11305 American Type Culture Collection 
     Lb. paraplantarum  DSM 10667 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. pentosus  DSM 20314 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. plantarum  DSM 20174 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
     Lb. reuteri  LMG 13557 Laboratorium voor Microbiologie 
     Lb. sakei  NCFB 2714 National Collection of Food Bacteria 
   
Leuconostoc spp.   
     Leuc. citreum LMG 13562 Laboratorium voor Microbiologie 
     Leuc. mesenteroides NCDO 529 National Collection of Dairy Organisms 
   
Pediococcus sp.   
     Pd. pentosaceus LMG 13561 Laboratorium voor Microbiologie 
   
Oenococcus sp.   






Primers used for PCR amplifications. 
 
















































































































Ornithine decarboxylase 1446 Marcobal et al., 2005 
 
Abbreviations: F, forward primer; R, reverse primer. 





PCR amplification profiles. 
 
Primer pair Initial denaturing Cycles Denaturing Annealing Extension Final extension 
EubA/EubB 95C, 2 min 35 95C, 1 min 55C, 1 min 72C, 1 min 72C, 10 min 
FLOR/907r 94C, 5 min 35 94C, 1 min 53C, 45 s 72C, 1 min 72C, 10 min 
MLE-3/MLE-4 94C, 3 min 35 94C, 30 s 54C, 1 min 72C, 1 min 72C, 10 min 
BGL-1/BGL-2 94C, 5 min 30 94C, 1 min 50C, 40 s 72C, 1 min 72C, 10 min 
Prot-deg1/Prot-deg2 94C, 5 min 30 94C, 1 min 55C, 45 s 72C, 1 min 72C, 10 min 
pepC-for/pepC-rev 94C, 5 min 30 94C, 1 min 54C, 45 s 72C, 1 min 72C, 10 min 
pepI-for/pepI-rev 94C, 5 min 30 94C, 1 min 53C, 45 s 72C, 1 min 72C, 10 min 
pepN-for/pepN-rev 94C, 5 min 30 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
pepM-for/pepM-rev 94C, 5 min 30 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
citD-deg1/citD-deg2 94C, 5 min 30 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
citE-1/citE-2 94C, 3 min 35 94C, 30 s 54C, 1 min 72C, 1 min 72C, 10 min 
citF-a/citF-b 94C, 5 min 35 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
alsS-deg1/alsS-deg2 94C, 5 min 30 94C, 1 min 55C, 45 s 72C, 1 min 72C, 10 min 
PAD-1/PAD-3 94C, 2 min 35 94C, 40 s 50C, 1 min 72C, 1 min 72C, 10 min 
Sams-1/Sams-2 94C, 3 min 35 94C, 30 s 54C, 1 min 72C, 1 min 72C, 10 min 
CBGL-deg1/CBGL-deg2 94C, 5 min 30 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
gshR-1/gshR-2 94C, 5 min 35 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
ADI-for/ADI-rev 94C, 5 min 30 94C, 1 min 55C, 45 s 72C, 1 min 72C, 10 min 
OTC-for/OTC-rev 94C, 5 min 30 94C, 1 min 49C, 45 s 72C, 1 min 72C, 10 min 
CK-for/CK-rev 94C, 5 min 30 94C, 1 min 49C,45 s 72C, 1 min 72C, 10 min 
JV16/ JV17 95C, 10 min 30 95C, 30 s 52C, 30 s 72C, 2 min 72C, 10 min 
ALF-P1/ALF-P2 95C, 10 min 30 95C, 30 s 52C, 30 s 72C, 2 min 72C, 10 min 






LAB species used for the design of FLOR primer specific for Lactobacillus florum. 
 
Bacterial species Strain number a Origin (source/accession no.) 
Lactobacillus florum F9-1 Flower (AB498045) 
 F9-2 Flower (AB498046) 
 F17 Flower (AB498047) 
 IWBT B322 Grape (IWBT) b 
Lactobacillus lindneri DSM 20690 Beer (X95421) 
 L2 Beer (X95422) 
 LTH 2505 Beer (X95423) 
Lactobacillus sanfranciscensis LMG 16002 Unknown (EU350220) 
Lactobacillus homohiochii DSM 20571 Unknown (AM113780) 
Lactobacillus fructivorans DSM 20203 Unknown (X76330) 
 
a Refer to Table 1 for full names of culture collections. 





PCR detection results of reference strains and isolates by specific primers for Lactobacillus florum. 
 





Lactobacillus spp. 158   
     Lb. brevis  8 0 8 
     Lb. buchneri  1 0 1 
     Lb. casei  1 0 1 
     Lb. curvatus  1 0 1 
     Lb. delbrueckii  1 0 1 
     Lb. fermentum  1 0 1 
     Lb. florum 33 33 0 
     Lb. hilgardii  3 0 3 
     Lb. jensenii  1 0 1 
     Lb. kunkeei  1 0 1 
     Lb. lindneri 2 0 2 
     Lb. malefermentans  1 0 1 
     Lb. paracasei 9 0 9 
     Lb. paraplantarum  3 0 3 
     Lb. pentosus  11 0 11 
     Lb. plantarum  78 0 78 
     Lb. reuteri  1 0 1 
     Lb. sakei  2 0 2 
    
Leuconostoc spp. 17   
     Leuc. citreum 2 0 2 
     Leuc. mesenteroides 15 0 15 
    
Pediococcus spp. 10   
     Pd. acidilactici 1 0 1 
     Pd. parvulus 6 0 6 
     Pd. pentosaceus 3 0 3 
    
Oenococcus sp. 25   
     O. oeni 25 0 25 




Table 7.6  
PCR detection results with gene-specific primers. 
 
  Lactobacillus florum  Lactobacillus lindneri 
Target gene Gene description IWBT MICRO  AWRI DSM 
mleA Malolactic enzyme 30a (30b) 03 (03)  01 (01) 01 (01) 
bgl -Glucosidase 30 (00) 03 (00)  01 (00) 01 (00) 
prtP Serine protease 30 (00) 03 (00)  01 (00) 01 (00) 
pepC Cysteine aminopeptidase 30 (29) 03 (03)  01 (01) 01 (00) 
pepI Proline iminopeptidase 30 (28) 03 (03)  01 (01) 01 (00) 
pepN Membrane alanine aminopeptidase 30 (30) 03 (03)  01 (01) 01 (00) 
pepM Methionine aminopeptidase 30 (00) 03 (00)  01 (01) 01 (00) 
citD Citrate lyase -subunit 30 (00) 03 (00)  01 (00) 01 (00) 
citE Citrate lyase -subunit 30 (30) 03 (03)  01 (01) 01 (00) 
citF Citrate lyase -subunit 30 (30) 03 (03)  01 (01) 01 (00) 
alsS -Acetolactate synthase 30 (00) 03 (00)  01 (00) 01 (00) 
pad Phenolic acid decarboxylase 30 (30) 03 (03)  01 (00) 01 (00) 
metK S-adenosylmethionine synthase 30 (00) 03 (00)  01 (01) 01 (00) 
metB/metC Cystathionine -lyase/-lyase 30 (00) 03 (00)  01 (00) 01 (00) 
gshR Glutathione reductase 30 (04c) 03 (00)  01 (00) 01 (00) 
arcA Arginine deiminase 30 (30) 03 (03)  01 (01) 01 (00) 
arcB Ornithine transcarbamylase 30 (30) 03 (03)  01 (00) 01 (00) 
arcC Carbamate kinase 30 (00) 03 (00)  01 (00) 01 (00) 
hdc Histidine dercarboxylase 30 (00) 03 (00)  01 (00) 01 (00) 
tdc Tyrosine decarboxylase 30 (00) 03 (00)  01 (00) 01 (00) 
odc Ornithine decarboxylase 30 (00) 03 (00)  01 (00) 01 (00) 
 
Refer to Table 1 for the descriptions of culture collections. 
a The total number of strains tested. 
b The total number of positive strains. 







Figure 7.1. Phylogenetic tree based on 16S ribosomal DNA gene sequences showing the 
relationship of Lactobacillus florum IWBT B322 strain with closely related species (accession 
numbers in parenthesis). Only one strain from our culture collection was included in the 
phylogenetic tree due to high sequence similarity (>99%) between all our strains. The tree was 
constructed using the neighbour-joining method, and the numbers at branching points are 
bootstrap values (expressed as percentages of 1000 replicates). The horizontal scale bar 
represents the number of base substitutions per site. Abbreviations: IWBT, Institute for Wine 
Biotechnology; AWRI, Australian Wine Research Institute. 
 
 
 Lb. otakiensis YIT 11505 (AB366392)
 Lb. kefiri YIT 0222 (AB429371)
 Lb. sunkii DSM 19904 (AB366385)
 Lb. buchneri YIT 0077 (AB429368)
 Lb. rapi YIT 11688 (AB366399)
Lb. kisonensis YIT 11510 (AB366393)
Lb. diolivorans YIT 10368 (AB429369)
 Lb. parafarraginis NRIC 0680 (AB262735) 
 Lb. hilgardii YIT 0269 (AB429370)
 Lb. farraginis NRIC 0678 (AB262732) 
 Lb. malefermentans CECT 5928T (AJ575743) 
Lb. hammesii YIT 12110 (AB512777) 
 Lb. zymae LMG 22198T (AJ632157)
 Lb. spicheri LTH 5753T (AJ534844)
 Lb. homohiochii DSM 20571 (AM113780)
 Lb. fructivorans DSM 20203T (X76330)
 Lb. sanfranciscensis JCM 5668 (HM162420) 
 Lb. lindneri AWRI B530
Lb. lindneri LTH 2505 (X95423)
 Lb. lindneri L2 (X95422)
Lb. lindneri DSM 20690 (X95421)
 Lb. florum F9-2 (AB498046)
 Lb. florum F9-1T (AB498045)
 Lb. florum IWBT B322














FLOR                ---------------------GCTGCCCAGTTGCTAGTC------------------------------------------------ 18  
florum IWBT B322    ---ACATGCAAGTCGAACGAGGCTGCCCAGTTGCTAGTCGGTGCTTGCACTGACGAACAATTGGATCCAGCCGAGTGGCGAACTGGT 84  
florum F9-1         ---ACATGCAAGTCGAACGAGGCTGCCCAGTTGCTAGTCGGTGCTTGCACTGACGAACAATTGGATCCAGCCGAGTGGCGAACTGGT 84  
lindneri AWRI B530  ---ACATGCAAGTCGAACGCGGTCTCCTAATTGAAAAACCGTGCAAGCACGGGTTGGATTTTAGATCGGACCGAGTGGCGAACTGGT 84  
lindneri DSM 20690  ---ACATGCAAGTCGAACGAGGTCTCCTAACTGATAGCTGGTGCTTGCATCAGCTTGACGATAGATCTGACCGAGTGGCGAACTGGT 84  
homohiochii         ---ACATGCAAGTCGAACGAGCTGCGCCTAATGATAGTTGATGCTTGCATTAGCTTGACTTAAGTTAGCAGCGAGTGGCGAACTGGT 84  
fructivorans        ---ACATGCAAGTCGAACGAGCTGCGCCTAATGATAGTTGATGCTTGCATTAGCTTGACTTAAGTTAGCAGCGAGTGGCGAACTGGT 84  
 
 
Figure 7.2. Multiple sequence alignments showing the V1 variable region of the 16S rDNA sequence 
from where the species-specific primer (FLOR) for Lb. florum was designed. LAB strains: Lb. florum 
IWBT B322, Lb. florum F9-1T (AB498045), Lb. lindneri AWRI B530, Lb. lindneri DSM 20690 (X95421), 








Figure 7.3A. Phylogenetic tree based on mleA gene sequences of the representative strains of 
Lactobacillus florum (IWBT B303, IWBT B309, IWBT B313, IWBT B314, IWBT B322, IWBT B328, 
F17 and F9-1T), together with closely related species (accession numbers in parenthesis). The tree 
was constructed using the neighbour-joining method, and the numbers at branching points are 
bootstrap values (expressed as percentages of 1000 replicates). The horizontal scale bar 
represents the number of base substitutions per site. Refer to Figure 7.1 for abbreviations. 
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 Lb. casei ATCC 334 (CP000423) 
 O. oeni PSU-1 (CP000411)
 Lb. acidophilus NCFM (CP000033) 
 Lb. reuteri JCM 1112 (AP007281)
 Lb. salivarius UCC118 (CP000233)
 Lb. plantarum WCFS1 (AL935255)
 Leuc. citreum KM20 (DQ489736) 
























Figure 7.3B. Phylogenetic tree based on citE gene sequences of the representative strains of 
Lactobacillus florum (IWBT B303, IWBT B309, IWBT B313, IWBT B314, IWBT B322, IWBT B328, 
F17 and F9-1T), together with closely related species (accession numbers in parenthesis). The tree 
was constructed using the neighbour-joining method, and the numbers at branching points are 
bootstrap values (expressed as percentages of 1000 replicates). The horizontal scale bar 
represents the number of base substitutions per site. Refer to Figure 7.1 for abbreviations. 
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Figure 7.3C. Phylogenetic tree based on pepN gene sequences of the representative strains of 
Lactobacillus florum (IWBT B303, IWBT B309, IWBT B313, IWBT B314, IWBT B322, IWBT B328, 
F17 and F9-1T), together with closely related species (accession numbers in parenthesis). The tree 
was constructed using the neighbour-joining method, and the numbers at branching points are 
bootstrap values (expressed as percentages of 1000 replicates). The horizontal scale bar 
represents the number of base substitutions per site. Refer to Figure 7.1 for abbreviations. 
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 Lb. rhamnosus ATCC 53103 (AP011548) 



















CHAPTER  8 
 
 






Lactobacillus and Pediococcus genes related to 
peptide and amino acid utilisation in wine 
 
 
This manuscript will be submitted for publication to 





Lactobacillus and Pediococcus genes related to peptide and amino acid 
utilisation in wine 
 
Phillip Senzo Mtshali, Benoit Divol & Maret du Toit 
 




In this study, a total of 104 strains of lactic acid bacteria were tested for the presence of 
genes encoding enzymes related to peptide and amino acid utilization in wine. Primers for 
PCR amplifications were designed from conserved regions of the genes from various LAB 
species belonging to Lactobacillus, Leuconostoc, Pediococcus and Oenococcus. As 
expected, PCR assays generated single DNA fragments of correct sizes. From the PCR 
detection results, it was observed that the genes tested for were distributed across 
different species of lactobacilli and pediococci investigated. However, some strains of 
Pediococcus did not present certain enzyme-encoding genes, such as pepO, pepT, metK 
and gshR. In addition, pepX and metB/metC genes were not detected in any of the 
Pediococcus strains tested. Lactobacillus plantarum IWBT B349 strain was selected for 
gene sequence verification. From the comparative sequence analysis, it was observed 
that nucleotide gene sequences of this strain are highly identical to those of other 
L. plantarum strains (WCFS1, JDM1 and ATCC 14917) published in GenBank database. 
Altogether, the results presented in this study provide an indication that lactobacilli and 
pediococci strains of wine origin have the genetic potential to degrade peptides and amino 
acids in wine. 
 
 




8.1  INTRODUCTION 
Lactic acid bacteria (LAB) are a group of Gram-positive bacteria occurring on grapes and 
in wine during malolactic fermentation (MLF). The latter process, carried out mainly by 
Oenococcus oeni and Lactobacillus plantarum, involves the conversion of L-malic acid to 
L-lactic acid and CO2. This reaction contributes to wine acidity reduction, increase 
microbial stability and changes in the sensory attributes of wine (Bartowsky, 2005; Lerm et 
al., 2010). Generally, LAB are fastidious microorganisms with multiple amino acid 
requirements, thus requiring the proteolytic system necessary to degrade proteins (present 
in the environment in which they occur) into smaller peptides and amino acids crucial for 
their growth (Juillard et al., 1995). In the dairy industry, for example, the proteolytic activity 
of bacterial species also favours the development of texture and flavour of fermented milk 
products (El-Soda et al., 2000; Hynes et al., 2003; Lynch et al., 1999). 
 
While the proteolytic system of Lactococcus lactis, a model microorganism used as the 
starter culture in the dairy industry, has been extensively investigated (Tan et al., 1993; 
Tynkkynen et al., 1993; Hagting et al., 1994; Foucaud et al., 1995; Kunji et al., 1996), the 
proteolytic enzymes of bacterial species of wine origin remain poorly understood. 
Nevertheless, the production of exocellular proteinases by O. oeni strains was detected 
previously (Rollan et al., 1993; Manca de Nadra et al., 1997, 1999; Remize et al., 2005), 
albeit Davis et al. (1988) observed no protease production by several wine LAB strains of 
Oenococcus, Lactobacillus and Pediococcus. More recently, Mtshali et al. (2010) 
demonstrated the presence of protease enzyme-encoding gene (prtP) in several wine 
lactobacilli and the PCR detection results indicated that this gene is distributed across the 
LAB species. The presence of prtP proteinase gene in a natural isolate of L. plantarum 
originating from home-made cheese has also been reported (Strahinic et al., 2010). This 
gene encodes an enzyme that participates in protein degradation to form small peptides 
and amino acids. The resulting peptides will further be translocated into the cell via the 
specific transport system where they will be acted upon by a variety of peptidases (Kunji et 
al., 1996). 
 
Following the primary and secondary proteolysis, some peptidases are able to release 
sulphur-containing amino acids from peptide degradation (Kunji et al., 1996). In the dairy 
industry, the catabolism of sulphur amino acids by microbial enzymes plays a key role in 
the development of a typical cheese flavour (Dias & Weimer, 1999). The LAB originating 
from cheese are also known to metabolise methionine into methanethiol, a volatile sulphur 
compound contributing to cheese flavour (Weimer et al., 1999). In wine, Pripis-Nicolau et 
al. (2004) showed that the LAB isolated from wine could degrade methionine to form 
volatile sulphur compounds. From our knowledge, this aspect has not been investigated at 
a molecular level with intent to ascertain the potential of wine LAB to possess genes 
associated with the metabolism of sulphur-containing compounds. In addition, the 
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distribution of genes encoding a variety of peptidases in wine-associated LAB species is 
still devoid of thorough investigation. 
 
Therefore, this study was aimed at investigating the presence of genes encoding enzymes 
involved in the proteolytic and amino acid catabolic pathways in lactobacilli and pediococci 
of oenological origin. These enzyme-encoding genes tested in this study included peptide 
transporter (DtpT), aminopeptidases (PepC, PepN, PepM), endopeptidase (PepO), 
tripeptidase (PepT), proline peptidase (PepX, PepI), as well as those in the sulphur 
metabolic pathway.  
8.2  MATERIALS AND METHODS 
8.2.1   Bacterial strains and growth conditions 
The bacterial strains used in this work were previously isolated from grape and wine 
samples obtained from five different commercial wineries situated in the Western Cape 
region, South Africa, during the 2001 and 2002 harvest seasons (Krieling, 2003). 
Taxonomic identification of these isolates was performed by PCR with species-specific 
primers and by 16S rDNA sequence analysis. The type and reference strains included in 
this work are presented in Table 8.1. All the strains were cultured at 30C in MRS medium 
(BIOLAB Diagnostics, Wadeville, South Africa). 
 
8.2.2 Primer design 
To design the primers for PCR assays, we aligned nucleotide sequences of the target 
genes from several LAB species belonging to four LAB genera: Lactobacillus, 
Leuconostoc, Pediococcus and Oenococcus. Two conserved domains of each gene were 
then selected to design the primers for PCR amplifications. All PCR primers used in this 
study (Table 8.2) were synthesised by the Integrated DNA Technologies, Inc. (Coralville, 
IA, USA). 
 
8.2.3 Colony PCR assays 
PCR amplifications were performed in a Biometra Thermocycler machine (Biometra® 
GmbH, Göttingen, Germany). The 25-L PCR mixture comprised a template DNA, 0.6 M 
of each primer, 1.5 mM MgCl2, 250 M of dNTP mix, 1X PCR buffer and 1.25 units of 
Supertherm DNA polymerase (Southern Cross Biotechnology, Cape Town, South Africa). 
The reaction conditions were 94C for 5 min, followed by 35 cycles of 94C for 1 min, 49–
54C for 45 s and 72C for 1 min (specific annealing temperatures are indicated in Table 
8.2). The final extension step was carried out at 72C for 10 min. PCR fragments were 
checked by gel electrophoresis in 1% w/v agarose gels containing ethidium bromide (0.5 





8.2.4 Sequence verification 
To verify if the PCR-generated amplicons corresponded to the target genes, L. plantarum 
IWBT B349 was chosen for sequencing. DNA fragments from this strain were amplified 
with the same primers in a 50-L reaction containing TaKaRa Ex Taq™ polymerase 
(Southern Cross Biotechnology) instead of Supertherm polymerase. Amplicons were 
cleaned with QIAquick® PCR Purification Kit (Qiagen, Southern Cross Biotechnology, 
Cape Town, South Africa) and subsequently sequenced using the corresponding forward 
and reverse primers. GenBank database was used to search for homologous DNA 
sequences. 
 
8.2.5 Phylogenetic analysis 
In an attempt to study the phylogenetic relationship between the LAB strains tested in this 
study with closely related taxa, five strains were randomly selected from which the pepC 
gene was amplified and sequenced. The obtained nucleotide gene sequence data were 
assembled and compared to the database sequences. The phylogenetic trees were 
inferred using the neighbour-joining method (Saitou and Nei, 1987). The evolutionary 
distances were computed using the Kimura 2-parameter method (Kimura, 1980) from the 
MEGA 4.1 software (Kumar et al., 2008) and are in the units of the number of base 
substitutions per site. Bootstrapping analysis was performed to evaluate the reliability of 
the topologies of constructed phylogenetic trees using 1000 bootstrap replications 
(Felsenstein, 1985). 
8.3   RESULTS  
8.3.1   PCR detection of genes 
A total of 104 strains of lactobacilli and pediococci were tested in this study. These strains 
were screened for the presence of peptidase and sulphur metabolic pathway genes using 
a PCR detection approach with primers specific for different enzymes. PCR assays 
generated amplicons of expected sizes as shown in Table 8.2. The PCR detection results 
of different enzyme-encoding genes are reflected in Table 8.3. Among the lactobacilli 
screened, more than 80% possessed all the genes tested for. It was also worth noting that 
the pepC and pepM genes were present in all the Lactobacillus species. Although 
L. plantarum strains seemed to possess different combinations of the tested genes, other 
bacterial species possessed all these genes, including Lactobacillus casei, Lactobacillus 
curvatus, Lactobacillus delbrueckii and Lactobacillus reuteri. Among the Lactobacillus 
fermentum strains tested, only the reference strain (DSM 20052) did not present the pepO 
and pepX genes. Amongst the 10 strains of pediococci, all possessed the dtpT, pepC, 
pepI, pepN and pepM genes. On the other hand, the pepX and metB/metC genes were 
not detected in any of the Pediococcus strains tested. 
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8.3.2 Sequence verification 
PCR amplifications of IWBT B349 strain of L. plantarum were verified by sequencing using 
the same sets of primers for PCR amplifications. After the newly determined sequence 
data were assembled and aligned, a comparative analysis of DNA sequences was 
performed. A homology search was performed by comparing these sequences to other 
DNA sequences published in GenBank database. The BLAST results confirmed that the 
sequenced fragments corresponded to the genes tested, and the highest homology of 
nucleotide sequences was recorded with three L. plantarum strains (JDM1, WCFS1 and 
ATCC 14917) published in the NCBI databank (Table 8.4). From the comparative analysis 
of sequences, it was observed that IWBT B349 displayed the highest homology to the 
JDM1 strain compared to WCFS1 and ATCC 14917. However, an exception was only 
observed for the glutathione reductase-encoding gene (gshR) of IWBT B349 whose 
identity to JDM1 was only 99.8%. 
 
8.3.3 Phylogenetic analysis 
The phylogenetic relationship between bacterial strains was also studied by constructing 
neighbour-joining trees based on nucleotide sequences of the pepC gene as an example. 
Five strains belonging to L. plantarum, Lactobacillus paracasei, Lactobacillus 
paraplantarum, Pediococcus parvulus and Pediococcus pentosaceus were randomly 
selected from which the pepC genes were PCR-amplified and subsequently sequenced. 
As shown in Figure 8.1, L. plantarum IWBT B349 clustered with other L. plantarum strains 
(WCFS1 and JDM1) whose pepC gene sequences were retrieved from GenBank 
database. Similarly, P. pentosaceus LMG 13561 also clustered with ATCC 25745 strain of 
the same species. 
8.4   DISCUSSION  
The proteolytic system has been studied extensively in lactococci. This system is 
composed of the protein breakdown, peptide transport and hydrolysis (Kunji et al., 1996). 
The degradation of proteins is initiated by an extracellular cell wall-associated proteinase 
(PrtP) enzyme, which releases small peptides and amino acids essential for bacterial 
growth. The degradation products of proteins are then transported across the cell 
membrane into the cell via the peptide transporters (e.g. DtpT, DtpP, Opp). Once inside 
the cell, these peptides are further hydrolysed into amino acids by a variety of intracellular 
peptidases (Kunji et al., 1996; Christensen et al., 1999). 
 
Previously, we demonstrated the existence of serine protease (prtP) gene in several 
species of Lactobacillus originating from South African wines (Mtshali et al., 2010). PCR 
detection results indicated that the prtP gene was distributed across different species. 
Another recent study also reported the presence of prtP proteinase gene in a natural strain 
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of L. plantarum isolated from home-made cheese (Strahinic et al., 2010). In this work, 
different oenological species of lactobacilli and pediococci were screened for the presence 
of genes encoding various peptidases. These peptidases can be classified into 
aminopeptidases (PepC, PepN, PepM, PepA), endopeptidases (PepO, PepF), 
dipeptidases (PepD, PepV), tripeptidase (PepT) and proline-specific peptidases (PepX, 
PepI, PepR, PepP, PepQ) (Liu et al., 2010). Among the bacterial strains tested in this 
study, it was shown that peptidase genes are present in the majority of different species. 
The presence of the dtpT gene encoding a di-/tripeptide transporter was also detected in 
all pediococci strains as well as in the majority of lactobacilli (>90%). 
 
In order to complement the amino acid auxotrophy, LAB require a range of proteolytic and 
peptidolytic enzymes to enable them to garner amino acids from the proteins and 
peptides. As such, wine also encompasses proteins which can ultimately be degraded by 
protein-utilising LAB to produce smaller peptides and amino acids. Other studies have 
indicated that wine peptides act as carbon and nitrogen substrates for bacterial growth 
(Aredes Fernandez et al., 2004). The presence of peptidolytic enzyme-encoding genes in 
wine lactobacilli and pediococci strains tested in this study has implications on the genetic 
capability of these strains to release amino acids from peptides. This can also favour the 
development of wine flavour, as it has been reported for dairy LAB (El-Soda et al., 2000; 
Hynes et al., 2003). 
 
Following the breakdown of peptides by various peptidases, sulphur-containing amino 
acids can also be released (Kunji et al., 1996). These sulphurous amino acids have been 
shown to enhance flavour formation in dairy products such as cheese (Dias & Weimer, 
1999). In this study, we have also tested the LAB strains for the presence of enzyme-
encoding genes involved in the sulphur metabolic pathway. Different Lactobacillus species 
displayed the presence of these genes (i.e. metK, gshR and metB/metC), albeit not all the 
strains possessed these genes. Some strains of pediococci only possessed the metK and 
gshR genes whereas metB/metC gene was not detected in any of the strains tested. 
 
In conclusion, the results presented in this study provide an indication that Lactobacillus 
and Pediococcus strains of wine origin possess the genetic potential to degrade peptides 
and amino acids during winemaking. However, it remains to be further confirmed if these 
peptidase enzyme-encoding genes are not repressed by winemaking parameters such as 
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Table 8.1. Reference or type strains included in this work 
 
Bacterial species Strain number Culture collection 
Lactobacillus spp.   
     Lb. casei  LMG 13552 Laboratorium voor Microbiologie 
     Lb. curvatus LMG 13553 Laboratorium voor Microbiologie 
     Lb. delbrueckii DSM 20074 German Collection of Microorganisms and Cell Cultures 
     Lb. fermentum DSM 20052 German Collection of Microorganisms and Cell Cultures 
     Lb. hilgardii  DSM 20176 German Collection of Microorganisms and Cell Cultures 
     Lb. malefermentans ATCC 11305 American Type Culture Collection 
     Lb. paracasei DSM 5622 German Collection of Microorganisms and Cell Cultures 
     Lb. paraplantarum  DSM 10667 German Collection of Microorganisms and Cell Cultures 
     Lb. pentosus  DSM 20314 German Collection of Microorganisms and Cell Cultures 
     Lb. plantarum  DSM 20174 German Collection of Microorganisms and Cell Cultures 
     Lb. reuteri LMG 13557 Laboratorium voor Microbiologie 
     Lb. sakei  NCFB 2714 National Collection of Food Bacteria 
   
Pediococcus sp.   
     Pd. pentosaceus LMG 13561 
NCDO 813 
NCDO 1859 
Laboratorium voor Microbiologie 
National Collection of Dairy Organisms 





Table 8.2. PCR primers designed in this study, annealing temperatures and amplicon sizes 
 
Target gene Application Primer sequence (5′→3′) Annealing temp. 
Amplicon 
size a (bp) 
dtpT Di-tripeptide transporter F-GAAATGTGGGARCGDTTYAGTTAYTAYGG 
R-ATCNGYYARGAACCACAKACWCATCATYTG 
50C 1242-1269 
pepC Cysteine aminopeptidase F-GGNCGTTGYTGGATGTTYGCBGCHTTRAAYAC 
R-TTADGCHAAWGHWCCCATTGGRTCCCAHGG 
54C 1131-1143 
pepI Proline iminopeptidase F-CCYGGTGGHAABCAYGARTAYTGGGAARAC 
R-GCRTTRTCDATCATGTGRTGRTGRCCRCCDT 
53C 734-743 
pepN Membrane alanine aminopeptidase F-ATGGAAAACTGGGGNYTDGTNACHTAYCG 
R-ACNRCNGGRTADCCNGGYTGTTCVARCCANG 
49C 569 
pepM Methionine aminopeptidase F-GGHTTTGAAGGHTAYAARTATKCNACBTGTGT 
R-AYCATBGGTTCRATNGTAATBGTCATVCC 
49C 443 
pepO Endopeptidase O F-ATYTTVCCDGAYAMDACNTACTAYGMHGA 
R-CCACCARTTATBCADVTTNCCDAATTCATCRAA 
49C 1077-1089 
pepT Tripeptidase T F-TTGATACDGCDGAYTTTAAYGCNGADAATG 
R-CCRTGCATRTTTTCDBCHCCVGCAAA 
53C 898-907 
pepX X-prolyl dipeptidyl aminopeptidase F-CTTTTATWDTNTDGNHCTNCAAYTACTNGRNTTT 
R-ACNGCAAANCCVCGNGMBARAAARTAATBAT 
50C 639-681 
metK S-adenosylmethionine synthase F-GAAMGMCAYTTATTTACDTCDGA 
R-AATBCCAGCWGGBCGYAARTCAAA 
54C 1080 
metB/metC Cystathionine -lyase/-lyase F-ATGAAATTYRAWACMMAAYTWATTCAYGGYGG 
R-ACCVACHGAKARRCGRATYAGYTCGTCTT 
49C 1080-1083 








Table 8.3. Results of PCR detection of genes with enzyme-specific primers 
 
Species dtpT pepC pepI pepN pepM pepO pepT pepX metK metB/C gshR 
Lactobacillus spp. 94 a (88 b) 94 (94) 94 (88) 94 (89) 94 (94) 94 (85) 94 (88) 94 (81) 94 (89) 94 (84) 94 (79) 
     L. casei 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 
     L. curvatus 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 
     L. delbrueckii 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 
     L. fermentum 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (02) 03 (03) 03 (02) 03 (03) 03 (03) 03 (03) 
     L. hilgardii 02 (02) 02 (02) 02 (02) 02 (02) 02 (02) 02 (02) 02 (02) 02 (01) 02 (01) 02 (02) 02 (01) 
     L. malefermentans 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (00) 01 (01) 01 (01) 01 (01) 01 (00) 01 (00) 
     L. paracasei 05 (05) 05 (05) 05 (05) 05 (05) 05 (05) 05 (05) 05 (05) 05 (04) 05 (05) 05 (05) 05 (03) 
     L. paraplantarum 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (00) 03 (02) 03 (03) 03 (03) 
     L. pentosus 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (02) 03 (02) 03 (03) 03 (02) 
     L. plantarum 71 (66) 71 (71) 71 (66) 71 (67) 71 (71) 71 (66) 71 (65) 71 (66) 71 (69) 71 (64) 71 (63) 
     L. reuteri 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 
     L. sakei 02 (01) 02 (02) 02 (01) 02 (01) 02 (02) 02 (00) 02 (02) 02 (01) 02 (02) 02 (00) 02 (00) 
            
Pediococcus spp. 10 (10) 10 (10) 10 (10) 10 (10) 10 (10) 10 (07) 10 (04) 10 (00) 10 (07) 10 (00) 10 (03) 
     P. acidilactici 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (01) 01 (00) 01 (00) 01 (00) 01 (00) 
     P. parvulus 06 (06) 06 (06) 06 (06) 06 (06) 06 (06) 06 (05) 06 (00) 06 (00) 06 (04) 06 (00) 06 (00) 
     P. pentosaceus 03 (03) 03 (03) 03 (03) 03 (03) 03 (03) 03 (01) 03 (03) 03 (00) 03 (03) 03 (00) 03 (03) 
 
a Total number of strains tested. 




Table 8.4. Highest homologies found between DNA sequences of L. plantarum IWBT B349 and 
the closest relatives published in the NCBI database 
 
 % identity of L. plantarum IWBT B349 gene sequences with those of 
Target gene L. plantarum WCFS1a L. plantarum JDM1 L. plantarum ATCC 14917
pepC 99.8%b (NP_784371c) 100% (YP_003062126) 99.7% (ZP_04014238) 
pepI 100% (NP_784587) 100% (YP_003062296) 99.9% (ZP_04014422) 
pepN 99.0% (NP_784655) 100% (YP_003062364) 99.6% (ZP_04014501) 
pepM 99.7% (NP_784075) 100% (YP_003061815) 100% (ZP_04015434) 
pepO 99.1% (NP_786662) 100% (YP_003064328) 99.1% (ZP_04015003) 
pepT 99.9% (NP_785446) 100% (YP_003063184) 99.7% (ZP_04012774) 
pepX 99.7% (NP_784590) 100% (YP_003062299) 99.7% (ZP_04014425) 
metK 99.5% (NP_784949) 100% (YP_003062685) 99.7% (ZP_04013270) 
metB/metC 99.7% (NP_784073) 100% (YP_003061813) 99.9% (ZP_04015432) 
gshR 98.9% (NP_784176) 99.8% (YP_003061917) 99.5% (ZP_04015540) 
 
a GenBank accession numbers: L. plantarum WCFS1 (AL935263); L. plantarum JDM1 (CP001617); 
L. plantarum ATCC 14917 (ACGZ00000000). 
b Percentage identity. 






Figure 8.1. Phylogenetic tree showing relationships of various LAB strains tested in this study 
(indicated in bold) with closely related species (GenBank accession numbers in parentheses) 
based on partial pepC gene sequences. The tree was constructed by the neighbour-joining method 
with Kimura’s two-parameter correction model. Bootstrap values >80% are shown at branching 
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9.1  GENERAL DISCUSSION 
In winemaking, two fermentation processes occur. Malolactic fermentation (MLF) is the 
secondary fermentation process conducted by lactic acid bacteria (LAB), which plays a 
crucial role in wine with respect to wine acidity reduction as a result of the conversion of 
malic acid to lactic acid and CO2. This reaction is usually accompanied by microbiological 
stabilisation as well as changes in the sensory attributes of wine (Wibowo et al., 1985; 
Lerm et al., 2010). 
 
Although wine deacidification is the well known outcome of malate degradation by wine 
LAB, MLF also confers other desirable traits in wine, such as the modification of wine 
sensory properties. There are various ways in which the malolactic bacteria effect changes 
in the sensory profile of wine. One of the mechanisms is by the production of enzymatic 
activities capable of degrading wine precursor components. The metabolism of these 
compounds can have a positive or a negative impact in wine, depending on the 
metabolites formed. Swiegers et al. (2005) listed possible pathways by which wine-
associated LAB modulate wine aroma. However, there is still limited knowledge regarding 
the genetics of wine LAB, particularly with regards to the presence of various genes coding 
for enzymes participating in various metabolic pathways. 
 
This study was therefore aimed at screening wine LAB isolates for the presence of genes 
of relevance to winemaking. The first part of this project was to screen wine LAB isolates 
representing different species of Lactobacillus for the presence of genes coding for -
glucosidase, protease, esterase, phenolic acid decarboxylase and citrate lyase (-, - and 
-subunits). The results of PCR detection indicated that the Lactobacillus strains 
possessed different combinations of the enzymes investigated. It was also worth noting 
that certain other strains did not possess any of the genes tested. In order to verify if we 
amplified the correct genes, few strains representing different species were randomly 
selected from which the corresponding genes were amplified and sequenced. The analysis 
of gene sequences revealed that these sequences were highly conserved between 
species. These results are in agreement with the findings of Spano et al. (2005) who 
reported the similarity in amino acid sequences of -glucosidase genes from Lb. 
plantarum, Lb. paraplantarum, Oenococcus oeni and Pediococcus damnosus. Of 
particular interest to note was the fact that -glucosidase genes from two strains (Lb. 
plantarum 113.1 and Lb. brevis 116.3) possessed smaller fragments with 84 nucleotides 
missing. The presence of this gap is a rare event and it might influence the activity of the 
enzyme. 
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In a follow-up study, O. oeni strains isolated in South Africa from brandy base wines and 
from red grape and wine samples were also tested for the presence of different enzyme-
encoding genes of oenological relevance. As expected, the strains were shown to possess 
all the genes investigated (i.e. mleA, bgl, estA, prtP, citD, citE, citF, maeP, alsD, alsS, 
metK, metB, metC, gshR and arcA), with the notable exception of arcB, arcC and pad. 
Only two O. oeni strains possessed the pad gene encoding phenolic acid decarboxylase. 
From our knowledge, this is the first study to detect the presence of the pad gene in O. 
oeni strains. In a previous study, de las Rivas et al. (2009) also developed a PCR assay to 
test various species of wine LAB for the presence of the pad gene. Among the species 
tested, none of the O. oeni strains possessed this gene. The verification of PCR-generated 
amplicons of the pad gene from the two O. oeni strains tested in this study was performed 
by sequencing. The obtained nucleotide sequences were compared to other bacterial DNA 
sequences published in GenBank database and the highest identity with lactobacilli was 
74 – 80%. The comparison of these sequences to the genomes of PSU-1, ATCC BAA-
1163 and AWRI B429 strains of O. oeni also revealed that these strains do not possess 
the pad gene, suggesting that the pad gene from the two isolates might have been 
acquired from another strain/species via the horizontal gene transfer. However, it still 
remains to be further determined if this gene encodes an active and functional enzyme 
capable of forming volatile phenols in wine from the degradation of hydroxycinnamic acids 
as precursor components present in wine during fermentation. 
 
The expression of malolactic enzyme-encoding gene (mleA) of the three oenological 
strains of O. oeni was investigated under the winemaking conditions using quantitative 
real-time PCR. The main aim was to investigate the effect of combined pH and ethanol on 
the expression of the mleA gene under various conditions simulating those of winemaking. 
Under the conditions tested, the mleA gene expression appeared to be negatively affected 
by high ethanol content of 15% v/v. On the other hand, low pH (i.e. pH 3.2) seemed to 
have an enhancing effect towards the expression of the gene. The enhancing effect of low 
pH on mleA gene expression was also reported in a previous study by Beltramo et al. 
(2006). 
 
Leuconostoc mesenteroides is also one of the species commonly found in wine during 
MLF. The impact of this bacterium in wine remains poorly understood. In this study, we 
aimed at evaluating the presence of a wide array of enzyme-encoding genes in L. 
mesenteroides strains of wine origin. Using a PCR detection method, these strains were 
screened for the presence of bgl, mleA, estA, prtP, pad, alsD, alsS, metK, metC, metB, 
ghsR, citD, citE, citF and citP. While the gshR and bgl genes were only detected in some 
strains, none of these genes were amplified: arcA, arcB, arcC, citD, citE, citF and pad. 
Sequence verification of PCR-generated fragments also indicated that some strains of L. 
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mesenteroides are genetically divergent from one another. More studies at a genetic level 
are still required in order to get a better understanding on the impact of this bacterium in 
wine. 
 
Amongst the species tested in this study, Lactobacillus florum represents a new species 
that has been recently described by Endo et al. (2010). A total of 30 wine-associated LAB 
strains from our culture collection were identified as Lb. florum through the taxonomic 
analysis of their 16S rDNA sequences. Species-specific primers targeting the 16S rDNA of 
Lb. florum were also designed and validated. As expected, the new primers yielded 
fragments of an expected size from all Lb. florum strains. Of particular interest was also to 
screen these strains for the presence of wine-related enzyme-encoding genes. PCR 
detection results indicated that the Lb. florum strains possessed some of the genes tested 
for. Since this is the first time that Lb. florum is reported in wine, more studies are required 
to give better insights on the occurrence of this bacterium at various stages of fermentation 
as well as its impact on wine production. Nevertheless, the preliminary results presented in 
this study clearly indicate that the strains of this species can have a significant impact – 
positive or negative – on wine sensory properties due to the presence of a variety of 
enzyme-encoding genes. 
9.2  FUTURE PERSPECTIVES 
In summary, this study has demonstrated the existence of different enzyme-encoding 
genes in various LAB species associated with wine during MLF. Although the expression 
pattern of the mleA gene in O. oeni strains was also evaluated, the transcriptional 
behaviour of other genes under winemaking conditions has not been fully elucidated. For 
future studies, it will also be of interest to evaluate the regulation of the mleA gene in a real 
wine in order to have a better understanding of the conditions under which this gene is 
regulated during winemaking. This will help select the best strains adapted for the 
completion of MLF. 
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Nucleotide gene sequences to be deposited in 
GenBank/EMBL/DDBJ databases 
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10.1  Nucleotide gene sequences of O. oeni IWBT B040 strain 
A unique GenBank accession number will be assigned to each gene once the nucleotide 
sequences have been deposited to GenBank/EMBL/DDBJ databases. 
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10.2  Nucleotide gene sequences of Leuc. mesenteroides IWBT B290 strain 
A unique GenBank accession number will be assigned to each gene once the nucleotide 
sequences have been deposited to GenBank/EMBL/DDBJ databases. 
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10.3  Nucleotide gene sequences of Lb. florum IWBT B322 strain 
A unique GenBank accession number will be assigned to each gene once the nucleotide 
sequences have been deposited to GenBank/EMBL/DDBJ databases. 
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> Citrate lyase -subunit (citF) gene  1238 bp 
CTTTGTTTTTACCAAGTAATGAAAATTATTATGGAACTGGGAATCAAGAACCTCACCTTGGCCCCT
TCTTCACTAACAGGAGTTATGAATGACGTTGCAATTGAAGCAATCAAACAGGGAACGGTAACTGCC
ATCACAACTTCTGGAATGCGGGGCTCGCTAGGAGATGCAGTCTCACATGGTTTGCTAGCTAAGCCG
GTGATTTTCCGGTCACATGGTGGTCGGGCACGAGCCATCGAAAATGGCGAAATTAAGATTGACGTT
GCTTTCTTGGGAGTTCCTAATGCTGATCGTTGTGGAAATGCCAATGGTAGTTATGGCGATGAAGCC
TTTGGTTCTTTAGGCTATGCTTTGATGGATGCCAACTATGCTAACAAAGTGGTTTTGCTAACCGAT
AATCTAGTTGCTTATCCCAACACCCCTGCTTCTATCAAACAAACTCAAGTTGATTACGTGGTAGAG
GTTGATCAGGTTGGTGATCCGGATAAAATTGGTTCAGGAGCTACTCGCTTTACGAAAGATCCTAAA
AATTTAAAGATTGCTAACTTAGTAAGTGATGTAATTACTAATTCAAGCTACTTTAAAGATGGATTC
TCGTTTCAAACTGGTTCTGGTGGAGCTGCTTTGGCAGTTACTCGTTACTTGCGAGCTGCCATGGAA
GCAAGAAATATCCATGCTTCGTTTGGATTAGGTGGGATTACTAATCCAATGGTGGAGCTACTAGAA
GCGGGCTTGATTGATAAATTGATGGACGTCCAAGACTTTGATAAAGCGGCAGCGCAGTCCATGAAA
AACAATTTAAATCAACAAGAAATCGATGCTTCTTGGTATGCTGATCCCGATAATAAAGCCGCCATG
GTGGATCAGTTGGATGTTTCCATTTTGAGTGCGCTAGAAATTGATACGGACTTTAATGTCAATGTC
TTGACTGGTGCTGATGGAATTATTCGCGGAGCGGTCGGTGGTCATCAAGATGCAGCCACTGCCAAG
CTAACCATCATTTGTACTCCATTAGTACGAGGTCGTATTCCCTCAGTTGTTAAGAGTGCGAATACC
GTGGTCACTCCCGGGAGCTCCGTTGATGTTTTAGTAACAGAACGCGGAATTGCTGTAAATCCGCAA
CGACCAGATTTGTTAGCACAGTTGCAAAACGTACCGGGACTCCAAATCTATTCGATTGATGAGTTA
GCCGAGCTAGCCCAACAAATTGTTGGTACAGAAGCCCCACTAGAGTTACT 
 
 
 
